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Lysosomes are acidic, hydrolase-rich vesicles capable of degrading most biological 
macromolecules. During the past several decades, much has been learned about 
different aspects of lysosome biogenesis. The selective phosphorylation of mannose 
residues on lysosomal enzymes, in conjunction with specific receptors for the 
mannose-6-phosphate recognition marker, has been found to be largely responsible 
for the targeting of newly synthesized lysosomal enzymes to lysosomes.  
It is known that lysosomes receive input from both the endocytic and biosynthetic 
pathways. Nevertheless the exact molecular mechanisms responsible for sorting of the 
biosynthetic input involved in lysosome biogenesis is still a matter of debate. Because 
osteoclast precursors do not secrete their lysosomal enzymes and osteoclasts do, the 
observation of modifications occurring during osteoclastogenesis is a good model to 
observe mechanisms responsible for lysosomal enzymes traffic.  
 
Osteoclasts are bone-degrading cells. To perform this specific task they have to re-
organise the sorting of their lysosomal enzymes to be able to target them toward the 
bone surface in mature cells. Since few years, the differentiation of osteoclasts in vitro 
did help scientists to study these cells. Osteoclast morphology has been therefore 
already well studied, and the nature of their specific membrane domains is now 
established. Sensing the proximity of a bone-like surface the cell reorganises its 
cytoskeleton, and creates specific membrane domains: an actin-rich ring-like zone 
(named actin ring) surrounded by a highly ruffled membrane (named the ruffled 
border) where enzymes are secreted, while subsequent bone degradation products are 
endocytosed. Endocytosed material is then transported through the cell inside 
transcytotic vesicles and released at the top of the cell in an area named the functional 
secretory domain. Several molecular machineries are thought to control these 
different phenomena. The main purpose of this thesis was to identify the major 
regulators of lysosomal enzyme secretion and therefore to identify the molecular 
switches responsible for such a membrane traffic re-organisation. 
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We first focused our attention on the localisation of both lysosomal enzymes and their 
major sorting receptor, the Mannose-6-Phosphate receptor (M6PR). We discovered 
that both enzyme and receptors localization in mature osteoclasts is predominant in 
recycling endosomes (Rab11 and Rab4) while it is mainly found in late endosomes in 
precursors cells (Rab7).  
 
We therefore focused our attention on the dynamic of endosomal compartments 
possibly involved in lysosomal sorting (namely Rab11, Rab4 and Rab7). Using viral 
transfection techniques we were able to express fluorescently tagged versions of these 
Rab GTPases and to follow their general organisation during the osteoclast life cycle. 
We observed specific re-organisation of Rab11 and Rab7 positive vesicles upon actin 
ring emergence. Rab11 positive vesicles accumulate at the sealing zone periphery 
while Rab7 concentrates inside the ruffled border indicating that both recycling and 
late endosomes are important for proper hydrolase secretion.  
 
This discovery was verified using RNAi techniques. We could observe that specific 
knockdowns of Rab11 completely inhibit the secretion of hydrolases while or Rab7 
knockdowns reduced the amount of secreted enzyme by half. Moreover we could 
observe that in Rab11 knocked-down cells lysosomal enzymes are inside intracellular 
structures (probably the Golgi), which was not as obvious in the case or Rab7 
knockdowns.  
 
We conclude from this work that Rab7 and Rab11 both have different, but specific 
functions in the secretion of lysosomal hydrolases in osteoclasts thus expanding the 
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Since the discovery of lysosomes in 1949 by Christian de Duve (Nobel Prize for 
Physiology or Medicine, December 12, 1974) much has been learned about their 
structures, biochemical properties, composition and function. Lysosomes are dynamic 
organelles involved in degradation of extracellular molecules or pathogens. Both 
endogenous and exogenous macromolecules can be delivered to lysosomes through 
the biosynthetic and endocytic pathways, respectively. They may be regarded as 
storage organelles for acid hydrolases and are capable of fusing with late endosomes 
to form hybrid organelles where digestion of endocytosed macromolecules occurs. 
Reformation of lysosomes from the hybrid organelles involves content condensation 
and probably removal of some membrane proteins by vesicular traffic. 
 
The significance of lysosomes for cellular homeostasis and human disorders such as 
I-cell disease or Hermansky-Pudlak Syndrome (lysosomal storage disorders) has led 
to extensive research on the biogenesis of these organelles. The characterization of 
factors recognizing sorting determinants directing soluble hydrolases and guide 
receptors through their intracellular itineraries to lysosomes has been therefore critical 
to understanding lysosome biogenesis (Dell’Angelica EC. and Payne GS. 2001). 
 
The exact mechanism involved in lysosome biogenesis is still a matter of debate. 
Here, we review the current knowledge of lysosome biogenesis and its regulation.  
 
A. Biosynthetic pathway input 
The question of how lysosomes form has captivated the interest of cell biologists for 
decades. Early microscopy studies suggested lysosomes form by direct budding from 
the Golgi complex and smooth endoplasmic reticulum (Novikoff et al., 1964). Newer 
models proposed that lysosomes mature from endosomal compartments (Murphy RF. 
1991). The maturation model involves formation of early endosomes from the plasma 
membrane that slowly convert into late endosomes and eventually into lysosomes by 
successive removal of specific molecules to recycling endosomes and fusion with 
TGN derived vesicles (for review Luzio JP. et al. 2003 ; Mullins C. and Bonifacino 
JS. 2001 Van Vliet C. et al 2003).  Alternatively, the vesicle transport model 
postulates that early endosomes, late endosomes and lysosomes are stable 
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compartments. Here, transport proceeds from one compartment to the other through 
carrier vesicles. These two models are not mutually exclusive and it is possible that 
cells employ more than one process in lysosome biogenesis. However, regardless of 
the biogenesis model, a selective sorting mechanism of materials targeted to 
lysosomes must exist. 
 
1. Sorting pathway from the TGN to lysosome 
Most newly synthesised lysosomal hydrolases are modified with a phosphomannosyl 
recognition signal during their maturation inside the Golgi. Once they have reached 
the TGN, they bind mannose-6-phosphate receptors (MPRs or M6PRs). The 
hydrolase-receptor complexes then traffic in vesicles to the endosomal compartment 
(Griffiths G. et al. 1988). Here, the hydrolases dissociate from the receptor and are 
further delivered to lysosomes, while the MPRs are recycled to the Golgi to undergo 
another round of protein sorting (von Figura and Hasilik, 1986; Kornfeld and 
Mellman, 1989 ; Traub LM. and Kornfeld S. 1997). The ability of MPR to cycle 
between the TGN and endosomal compartments is not unique. Other transmembrane 
proteins such as TGN38 and furin also follow similar pathways (Mallet WG and 
Maxfield FR. 1999).  
 
The precise intracellular route of newly synthesized enzymes is highly controversial. 
In the early 90’s MPR was though to be mainly present inside the late endosomal 
compartment (referred at that time as prelysosomal compartment) (Kornfeld S. and 
Mellman I. 1989; Griffiths G. et al 1990). The receptor was therefore taken as a 
characteristic late endosomal marker establishing a direct pathway from Golgi to late 
endosomes and back (Figure 1.1). Later investigations showed that the MPR 
trafficking route involves early endosomes, followed by transport to late endosomes 
before retrieval to the TGN after hydrolase release (Feng et al.1995; Ludwig et al., 
1991; LeBorgne and Hoflack 1998a; Diaz and Pfeffer 1998). Kinetic studies showed 
that much of the MPR is retrieved before entering late endosomal compartments 
(Hirst J. et al. 1998a). Since the existence of late endosomes was known, the 
endosomal compartment has been subdivided into a larger variety of 
subcompartments making the precise route of the receptor-hydrolase complex even 
more subject to controversy.  
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Newly synthesized lysosomal enzymes are present in early endocytic compartments 
of mammalian cells (Ludwig et al., 1991), where they can accumulate together with 
the MPRs when transport from early to late endocytic compartments is impaired 
(Press et al., 1998). It has also been proposed that late endosomes can fuse with the 
trans-Golgi and mediated transport back to the TGN (Figure 1.1) (Barbero P. et al. 
2002). 
On another hand, Ira Mellman and colleagues have shown by video microscopic 
studies that VSVG is sorted from the TGN for direct transport to the recycling 
endosome and the Salamero’s group have provided evidence of a backward (recycling 
endosome to Golgi) sorting route using internalized Shiga Toxin (Wilcke M. et al. 
2000; Ang AL. et al. 2004). Therefore plenty of possible sorting routes have been 
established without direct characterization of those taken by the M6PR and its cargo 
hydrolases (Figure 1.2). 
 
 
Figure 1: Models for Mannose 6 Phosphate receptor circulation. 1. In the early 90’s 
MPR was thought to traffic mainly between Golgi and late endosomes where it could 
be found in abundance. 2. Later studies showed that it also could be found abundantly 
in the Golgi and in early endosomal compartments. Hydrolases are transported from 
the TGN to early endosomes within clathrin-coated vesicles. Some recent studies also 
imply the recycling endosome in the lysosomal enzyme sorting routes (1. Modified 
from Kornfeld et al. 1989; 2.Modified from Ghosh et al. 2003) 
 
While the precise pathways followed by the MPRs at the exit of the TGN remain to 
be better defined, it has become clear during the past few years that the sorting of 
MPRs from the compartments they visit (i.e. TGN, endosomes and plasma 
membrane) requires the formation of transport intermediates coated with different 
assembly proteins (APs) and clathrin. 
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2. Role of adaptor protein complexes in lysosomal sorting 
Assembly proteins (APs, also called adaptor proteins) are heterotetrameric complexes 
that are composed of two large subunits: a rather conserved β chain and a more 
variable chain named γ, α, ∂ and ε for AP-1, AP-2, AP-3 and AP-4, respectively. 
These two subunits associate with a µ and a σ chain to form an assembly complex 
(Figure 2) (Dell’Angelica et al., 1999; Hirst et al., 1999; Kirchhausen, 1999). 
 
Figure 2: Schematic representation of structure and domain organisation of 
adaptor complexes (APs). N and C indicate the amino- and carboxy-termini of the 
proteins, respectively. MHD: µ-homology domain (Taken from Boehm M. and 
Bonifacino JS. 2001) 
 
Even if the subunits are very similar in sequence, AP complexes localize to different 
membranes: AP-1, AP-3 and AP-4 are found on the TGN and endosomes (with AP-3 
more to endosomes and AP-1 and AP-4 more to the TGN), whereas AP-2 is found at 
the plasma membrane (Figure 3).  
A critical function of APs is to drive cargo transmembrane proteins into nascent 
transport intermediates. Adaptor complexes are able to simultaneously recruit 
scaffolding coat (such as clathrin) on one side and concentrate cargo molecules on the 
other. It is now clear that APs subunits selectively recognize distinct small peptide 
sequences called sorting signals present in cytoplasmic tails of proteins (Hunziker W. 
and Geuze HJ. 1996). This specific interaction leads to the incorporation of only a 
subset of potential cargo molecules into nascent vesicles. 
 
AP-1, for example, mediates transport of MPRs and furin from the TGN to 
endosomes (Le Borgne and Hoflack, 1998b; Molloy et al., 1999). AP-2 mediates the 
internalization of cell surface receptors and therefore is a key component of the first 
steps of endocytosis (Schmid, 1997). Like AP-1, AP-3 is detected on TGN and 
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peripheral punctuate structures corresponding to endosomes (Dell’Angelica EC. et al 
1997; Simpson F. et al. 1997). Both in yeast and mammalian cells, AP-3 functions in 
transport to the endosomal/lysosomal system but its action appears to be restricted to 
selected cargo transmembrane proteins (Odorizzi G. et al. 1998; Le Borgne R. and 
Hoflack B. 1998b). 
In yeast, AP-3 mediates the transport of alkaline phosphatase (ALP) and the syntaxin 
homologue Vam3p to the vacuole (Cowles CR. et al. 1997; Darsow T. et al. 1998) but 
does not contribute to the trafficking of Vps10p, the receptor of the vacuolar 
carboxypeptidase Y (CPY), the orthologue of the MPR. Similarly, the mammalian 
AP-3 mediates lysosomal targeting of Lamp-1, Lamp-2, Limp-2, and CD63, but is not 
involved in MPR transport  (Le Borgne et al. 1998b).  
In addition, the phenotype of several fly, mouse and human mutants indicates that in 
specialized cells AP-3 is also required for the maintenance and/or the function of 
melanosomes and pigment granules, which are lysosome-related organelles. It has 
also been proposed that AP-3 functions in synaptic vesicle biogenesis as AP-3, but 
not AP-1, can support the in vitro formation of these vesicles (Faundez V. et al 1998). 
As each AP will mediate the sorting a specific subset of proteins, we can therefore 
talk about AP depend pathways (Figure 3). 
 
Figure 3: Implication of specific adaptor complexes in protein sorting. Scheme of 
post-Golgi trafficking pathways, showing the putative localization and role AP 
complexes within the cell. Of these, only the localization and role of AP-2 have been 
established with certainty. All the others should be considered tentative (Taken from 
Boehm and Bonifacino 2001). 
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Recent in vitro reconstitution assays have shown that even if they can be found on the 
same membranes, AP-3 and AP-1 have different affinity for different sorting signals. 
This is why they can segregate different cargo and be though as different pathways 
even though proteins are targeted to the same organelle (the lysosome) (Baust T. et al. 
2006). 
For example, the tyrosine-based sorting signal in the Lamp-1 cytoplasmic tail is better 
recognized by µ3 than by µ1, whereas the tyrosine-based sorting signal in the TGN38 
cytoplasmic tail is better recognized by µ1 than by µ3 (Ohno et al., 1996, 1998). This 
differential interaction explains the specific sorting of different cargo into AP-1 or 
AP-3 coated vesicles with µ1 and µ3 as sorting devices incorporating different 
transmembrane proteins into distinct transport intermediates (Rouille Y. et al. 2000; 
Le Borgne R. et al. 1998).  
 
Tyrosine-based sorting motives have been found in numerous transmembrane 
proteins. They conform to either a YxxQ or NPxY sequence, where Y is tyrosine, N is 
asparagine, P is proline, x is any amino acid, and Q is a bulky hydrophobic residue. 
The NPxY sequence has been reported to bind directly to the terminal domain of the 
clathrin heavy chain, and can mediate LDL-receptor endocytosis. YxxQ signals can 
be found in the cytosplamic tail of transferrin receptors and mediate their endocytosis. 
The yeast two-hybrid system has revealed that the YxxQ signal is actually recognized 
by all AP µ subunits identified so far (Ohno et al., 1995). 
There are other sorting motives that can mediate sorting of protein both at the plasma 
membrane and at the TGN. For example dileucine motives (consensus sequence 
DXXLL or [D/E]XXXL[L/I]) are able to target mannose 6-phosphate receptors or 
lysosomal enzymes from the Golgi to the lysosome, as well as targeting these proteins 
to the lysosomal compartment once endocytosed at the plasma membrane. 
 
The initiation of coat assembly responsible for specific cargo selection is mediated by 
the affinity of APs for a selected sorting signal. As with other cytosolic complexes to 
be recruited onto membranes, this binding is mediated by small GTPases. Several 
studies illustrate that the small GTPase ARF-1 is responsible for the translocation of 
cytosolic AP-1 (Traub LM. et al. 1993; Le Borgne R. et al. 1996; Zhu Y. et al. 1999) 
onto target membranes (Figure 4). Like other GTPases, ARF-1 cycles between a 
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cytosolic, inactive GDP-bound form and an active GTP-bound form that associates 
with membranes via its N-terminal myristoyl group.  
 
Figure 4: AP-1 coat assembly on TGN membrane. The small GTPase ARF1 is 
inserted in the membrane as it exchanges its GDP against GTP. AP-1 complex can 
then bind to the cytoplasmic tail of the M6P receptor with high affinity. These 
interactions are the beginning of the coat assembly process, which will subsequently 
result in M6P receptor and M6P protein sorting (Taken from Ludwig T. et al. 1995).  
 
 
In the TGN, the MPRs appear to be key components required for AP-1 coat assembly.  
In vitro, AP-1 binds to its target membranes with a high affinity (Kd≈25 nM). The 
number of these high affinity binding sites is largely decreased when the MPRs or 
ARF-1 become rate-limiting components (Le Borgne R et al. 1996). This strongly 
suggests that both the MPRs and ARF-1 cooperate to create these high affinity AP-1 
binding sites. A possible view is that AP-1 can interact with membranes in the 
absence of the MPRs, although more weakly, and that the arrival of MPRs in the TGN 
would stabilize AP-1 on these membranes.  
 
Clustered cargo with attached adaptors will thereafter recruit clathrin, which provides 
the scaffold for the distortion and invagination of the membrane creating a clathrin-
coated pit (Marsh and McMahon, 1999). APs therefore are acting as a bridge linking 
clathrin to membranes (Figure 5). Clathrin light and heavy chains assemble into 
triskelion structures that self-polymerise to form a polygonal lattice, or cage-like 
structure, resulting in curvature of the membrane (Marsh and McMahon, 1999). Once 
the clathrin cage is formed, vesicles bud from the Golgi in round or tubular shape 









Figure 5: Key steps of clathrin-coated vesicle formation. The cargo capture is 
initiated by the recruitment of the adaptor protein to the membrane. One part of the 
adaptor will bind to cargo molecules and the other end further coat components, 
including clathrin. Clathrin triskelions will therefore polymerise and form a 
polymeric cage that will induce membrane deformation. Once the vesicle is almost 
formed specific proteins will induce its budding off the membrane. Once in the 
cytoplasm the cargo vesicle will uncoat before fusing with its destination membrane. 
(Modified from Kirchhausen T. 2000) 
 
Clathrin-caged carrier vesicles named clathrin coat vesicles (CCV) are not only 
formed during TGN sorting. AP-2 is also implicated in the formation of CCV at the 
plasma membrane during endocytosis. Several receptors including the small 
percentage of M6PR that can be found at the plasma membrane are internalized 
through this specific process, and of course part of internalized proteins into the cells 





B. Endocytotic pathway input 
1. Clathrin mediated endocytosis 
The endosomal/lysosomal system of mammalian cells is a highly dynamic trafficking 
pathway that includes membrane transport from both the late Golgi and the plasma 
membrane. The basic organisation of the endosomal/lysosomal system of mammalian 
cells in now fairly well defined: it has functionally and physically distinct 
compartments, which include early endosomes, recycling endosomes, late endosomes, 
lysosomes and the TGN (Mellman, 1996). The primary function of endosomes is the 
sorting and segregation of receptors and ligands, a process necessary for many 
cellular operations. For example, many receptors are selectively internalised into the 
early endosome from the cell surface via clathrin-mediated endocytosis (Schmid, 
1997). One typical example of this process is the low-density lipoprotein receptor 
(LDL-R), which binds to low-density lipoprotein (LDL) on the cell surface at neutral 
pH (i.e. in the plasma environment). After internalization, the receptor releases LDL 
in the endosomes at acidic pH, the ligand is carried further to lysosomes, where it is 
degraded while the receptor is recycled. The receptor leaves apparently the endosome 
via incorporation into the membrane of a vesicle that buds from the endosome 
surface. These recycling vesicles may originate as tubular extensions of the 
endosome, which gather receptors and then pinch off from the main body of the 
endosome (Geuze et al 1983, 1984). After their return to the surface, LDL receptors 
are said to remain clustered so that they can be incorporated rapidly into newly 
formed coated pits (Robenek and Hesz 1983). 
 
In many cells, clathrin-mediated endocytosis represents the major portal of entry into 
the cell interior. The current view is that the formation of plasma membrane-derived 
clathrin-coated vesicles, which mediate the endocytosis of receptors, is very similar to 
the process by which MPRs are packaged into clathrin-coated vesicles. The principal 
coat protein, clathrin, possesses a planar 3-fold symmetry, which allows lateral 
associations between trimers to generate the polyhedral lattice (Musacchio A. et al. 
1999). Clathrin triskelion trimers demonstrate negligible affinity for membranes and 
appear to play little direct role in determining which transmembrane proteins are 
preferentially sorted into the assembling bud. It is now clear that the AP-2 adaptor 
complex is fulfilling this function by simultaneously recruiting clathrin coat on one 
side and concentrating cargo molecules on the other one (Pearse BM. 1988). AP-2 
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subunit (µ2) has been shown to be able to recognize specific internalization sequences 
(Ohno HJ et al. 1995; Kirchhausen T. et al. 1997). Together with specific sorting 
signals, the phospholipidic composition of the membrane and the phosphorylation 
state of the adaptor subunit itself are actually important affinity regulators of the 
sorting machinery (Aridor M. and Traub LM. 2002). 
 
It is clear that the cargo selection function of the µ2 subunit is not sufficient to 
account for the diversity of proteins sorted into clathrin-coated vesicles at the cell 
surface. Dedicated connector proteins – distinct from AP-2 – were postulated to help 
the selection of different cargo at the cell surface. The non-visual arrestins are a 
second type of adaptor which recruit transmembrane-helix G-protein-coupled 
receptors into clathrin-coated vesicles. Many other accessory proteins, such as 
amphyphysin, epsin, synaptojanin or Eps15 (EGF receptor pathway substrate clone 
15), have been found to associate with clathrin coated vesicles at the plasma 
membrane. Most of them not only bind to clathrin but also have binding sites for AP 
adaptors, GTPases or phosphoinositides. Although the function of many of these 
proteins is still unknown, it is clear that they are part of a large network of molecular 
switches that regulates all aspects of clathrin mediated traffic (Kirchhausen T. 2000).  
 
Once the coated pit has pinched off into the cytoplasm, the coat is rapidly lost, and the 
vesicle that goes on to fuse with another organelle, the endosome, where further 
sorting and processing occurs. The coat proteins apparently recycle back to the 
plasma membrane to begin another round of receptor-mediated endocytosis 
(Robinson MS. 1987). 
 
2. Other endocytic pathways 
Cells are constantly internalizing material from the extracellular space. Endocytic 
mechanisms are very varied and serve many important cellular functions including the 
uptake of extracellular nutrients, regulation of cell-surface receptor expression, 
maintenance of cell polarity, and antigen presentation. Viruses, toxins, and symbiotic 
microorganisms also utilize endocytic pathways to gain entry into cells (Mukherjee S. 
et al. 1997). Depending of the type of cargo, endocytosis can be sub-defined as 
phagocytosis (mediated by the Fc domain of immunoglubulin), pinocytosis (smaller 
particles and extracellular fluids uptake), caveolae-mediated endocytosis (caveolin 
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and lipid raft microdomain-associated), clathrin-mediated endocytosis (clathrin coat-
associated), and non- clathrin mediated endocytosis (Figure 6). 
 
Irrespective of their particular entry route, internalized fluid, macromolecules, or 
transmembrane machineries have to be processed and/or recycled. This is why upon 
internalization most vesicles fuse with the endocytic pathway. The endocytic 
organelle is composed of a series of interconnected membrane-bound compartments, 
which are namely early endosomes (EE), late endosomes (LE), recycling endosomes 
(RE) and lysosomes (LY).  
 
Figure 6: Various endocytotic mechanisms. Caveolae endocytosis is composed of 
caveolin coated vesicles of 50 to 80 nm. Non-clathrin coated vesicles (N-CCV) are 
smooth structures of approximately 100nm, commonly observed in diverse cell types 
that perform phase fluid uptake. Clathrin coated vesicles (CCV) are 120nm diameter 
vesicles that bud from clathrin coated pits (CCP) at the plasma membrane. They 
involve a plethora of accessory proteins in order to form specific cargo sorting 
vesicles wearing specific coat components covered by a characteristic clathrin cage. 
Macropinocytosis is a transient response to growth factor and mitotic agents that 
contributes to the uptake of phase fluid inside various sized vesicles (0,5-2µm). 
Phagocytosis is a receptor mediated endocytotic process resulting in local actin 
polymerization and large size particle internalization. The result of endocytotic 
processes is a sequential interaction with internal structures leading to processing 
and recycling of diverse lipid and protein components. (Modified from Robinson MS 
et al. 1996)  
 
Some components such as receptors or lipids are sorted from early endosomes back to 
the plasma membrane either directly or through the recycling endosome. Other 
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molecules, which are designated to be hydrolysed, are processed further to late 
endosomes and lysosomes where a low pH and high proteolytic enzyme concentration 
will induce their degradation. Alternatively some components can be sorted to the 
Golgi, the endoplasmic reticulum (ER) or can be transcytosed through the cell. 
 
3. Rabs: endocytosis pathway regulators 
The ras superfamily of small GTPases can be divided in five families: ras, rho/rac, 
Rab, arf and ran. (Valencia et al. 1991) The Rab family is the largest and more than 
60 genes encoding for Rab proteins have been identified in mammals. Members of 
this family can be found in all eukaryotes, including yeast, plants, and mammals, and 
they regulate membrane transport between intracellular compartments. Most Rabs are 
ubiquitously expressed, while some have more restricted tissue distribution. For 
instance, Rab3a is specifically expressed in neuronal tissue (Fischer von Mollard G. et 
al 1990) while Rab17 occurs predominantly in epithelial cells. Rab proteins function 
as molecular switches, as GTP hydrolysis and guanine nucleotide exchange allows 
them to continuously cycle between their inactive GDP, and active GTP-bound states. 
They will therefore cycle between membranes and cytosol depending if they are in an 
active or inactive state (Figure 7). When inactive, rab proteins form a complex with a 
cytosolic chaperone called rabGDI (GTP-dissociation inhibitor). RabGDI has a strong 
preference for the GDP-bound form of a rab protein and has the ability to extract rab-
GDP form the target membrane. Nucleotide exchange occurs upon Rab recruitment to 
the membrane and is regulated by specific guanine nucleotide exchange factors 
(GEFs). This activation will induce the recruitment of various effector molecules on 
to the membrane often resulting into an auto-activation loop. Rab will then be 
inactivated by GTPase activating factors (GAPs), which stimulate GTP hydrolysis 
and activate Rab recognition by the GDI and membrane release. After inactivation, 







Figure 7: Schematic representation of Rab cycle. 1. GDP-bound Rab proteins form 
a cytosolic complex with GDI (GDP dissociation inhibitor). 2.GDI dissociation 
results in the delivery of the Rab proteins to the membrane where they get activated 
by GEFs. 3.Once activated Rab proteins recruit effector molecules to the membrane. 
4.GAP-activated GTP hydrolysis returns the Rab to its inactive state. This results in 
the re-extraction of the inactive Rab by GDI (Modified from Seabra M. and Wasmeier 
C. 2004). 
 
The Rab GTPase switch regulates a number of cellular events, including vesicle 
budding, interaction between motile vesicles and cytoskeleton, fusion between 
transport vesicles and target organelles, and organelle architecture. The fact that Rab 
proteins have several functions suggests that the same regulatory machinery could 
coordinate all steps of vesicle transport. The diversity of biochemical reactions that 
are regulated by Rab proteins raises the question of how these processes are 
coordinated. There is increasing evidence that membrane-bound molecules are not 
randomly distributed in the membrane bilayer but are enriched in membrane domains 
of varying lipid composition. Three points are therefore critical for coordinated Rab 
activity (de Renzis S, et al 2002). 
 
First, protein–lipid interactions are a central factor in the generation of the Rab 
domain. The localized synthesis of phosphoinositides allows the specific recruitment 
of effectors, and contributes to their clustering. The dynamic properties of those Rab 
domains probably include a spatial and temporal control over phosphoinositide 
synthesis and turnover. As membrane flows through cellular compartments, 
phosphoinositides could be either converted to the form recognized by a specific Rab 
in action or simply excluded from the Rab domain therefore created. 
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A second important factor in the formation of Rab domains is effector cooperativity. 
The local generation of lipids and recruitment of individual effectors is not sufficient 
to maintain a membrane domain. In the absence of lateral interactions between the 
proteins within the domains, these lipid–protein complexes would rapidly diffuse 
throughout the plane of the membrane, filling the whole endocytic pathway. One 
possible mechanism to avoid this is protein oligomerization. Cytoskeletal tracks could 
also be connected with this scaffold to increase the efficiency of vesicle delivery to a 
Rab domain. 
Last, the generation and maintenance of Rab domains depend on energy. The 
hydrolysis of GTP regulates the kinetics and limits the extent of effector recruitment. 
The integration between GTPase and ATPase cycles ensures a dynamic state between 
assembly and disassembly of oligomeric complexes of proteins and lipids and, 
consequently, confers a specific control on the size of membrane domain.  (Zerial M, 
McBride H. 2001) 
 
One key feature of Rab proteins is that they are distributed to distinct intracellular 
compartments (Miaczynska M. and Zerial M. 2002). This remarkable degree of 
specificity forms the basis of their ability to act as key cellular regulators, determining 
the recruitment of downstream effectors to the right membrane at the right time. 
Specific sets of Rab proteins are exerting a regulatory function in both exocytic and 
endocytic transport (Novick and Zerial 1997)(Figure 8). 
Rab5 regulates the binding and recruitment of a large number of effector proteins to 
early endosomes (Bucci C. et al 1992). Molecules exit early endosomes along several 
different pathways. A direct pathway for molecules to be recycled to the plasma 
membrane depends on Rab4 (Van der Sluijs P. et al 1991; Mohrmann and Van der 
Sluijs 1999). It is likely that Rab5 and Rab4 act together to control influx in and 
efflux out of the early endosomes, since the two proteins share effectors and 
membrane domains (Miaczynska M and Zerial M. 2002). A slow recycling route 
leads from the early endosomes to the plasma membrane through the recycling 
endosomes (Mukherjee S. et al. 1997). Rab11, which is concentrated on the recycling 
endosome membrane, regulates the return of receptors such as transferrin receptor to 
the plasma membrane (Ullrich O. et al. 1996), but also passage from the recycling 
endosome to the Golgi (Wilcke M. et al. 2000) and sorting from the Golgi to the 
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recycling endosome (Ang AL. 2004). Rab11 is therefore important for controlling the 
intersection between endocytic and exocytic pathways.  
Components destined for degradation are delivered from the plasma membrane to the 
early endosomes, where they get segregated into endocytic carrier vesicles for 
transport first to late endosomes and then to lysosomes (Gruenberg J and Maxfield 
FR. 1995). A dominant negative rab7 mutant strongly inhibites transport from early to 
late endosomes, indicating the importance of rab7 for this pathway (Feng Y. et al. 
1995). Rab9, which can also be abundantly found on late endosomes (Soldati T. et al. 
1995), controls transport from the late endosome to the Golgi (Barbero P. et al. 2002) 
in a cargo specific manner (Iversen TG. et al. 2001).  
 
Figure 8: Rab GTPases coordinate both endocytosis and exocytosis. Clathrin 
mediated endocytosis brings material to the early endosome under the control of 
Rab5. Elements following the degradative pathway will be sorted to the late 
endosome and further to lysosomes. Recycled protein will return to the plasma 
membrane along two different routes, one direct route regulated by Rab4 and an 
indirect one passing through recycling endosome and controlled by Rab11. Rab11 is 
also thought to regulate traffic between the Golgi and the recycling endosome and 
would therefore regulate an indirect exocytic pathway. Rab3 is believed to be 
controlling the direct secretion from the Golgi to the plasma membrane. Many 
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connections between Golgi, endosomes and plasma membrane are still a matter of 
debate (Modified from Rodman JS and Wandinger-Ness A. 2000). 
 
Even though lysosomes are the end point of the endocytic pathway, certain cells 
(especially from the immune system) such as cytotoxic T cells (CTL), or natural 
killers (NK) are able to fuse their lysosomes (which are then called secretory 
lysosomes) with the plasma membrane upon specific stimuli. Other cells such as 
melanocytes also use a lysosome related organelle to secrete melanin for 
pigmentation. It is now clear that in such a case Rab27a is one of the main players 
regulating those mechanisms (Bossi G. and Griffiths GM. 2005). Another cell specific 
Rab protein is implicated in secretion: Rab3. Rab3 is enriched in neurons and 
endocrine cells (Fischer von Mollard G. et al 1990). In agreement with this specific 
pattern of expression, the four proteins (Rab3 A–D) that comprise the Rab3 subfamily 
are implicated in a specific trafficking pathway, apart from the constitutive endocytic 
and exocytic routes. Physically, Rab3 proteins are associated with secretory vesicles. 
Functionally, most of the studies point towards a role for Rab3 in the secretion of 
hormones and neurotransmitters (Darchen F. and Goud B. 2003).  
 
C. Osteoclast specific features 
It is now well established that the trans-Golgi network (TGN) is the main sorting 
station of the biosynthetic pathway in which lysosomal enzymes and other lysosomal 
proteins are sorted from those destined to other destinations. One possible way to 
study this complex process is to observe natural modifications of this pathway. 
Because osteoclast precursors do not secrete their lysosomal enzymes and osteoclast 
do, the observation of modifications occurring during osteoclastogenesis can bring 
insight upon mechanisms responsible for a cell’s reorganization of its lysosomal 
enzyme traffic.   
 
Osteoclasts are bone-digesting cells that polarize onto the bone surface and generate 
an isolated extracellular microenvironment between itself and the bone surface 
(Teitelbaum S. 2000; Blair HC. 1998). A rich filamentous actin region largely devoid 
of organelles is then organized as a ring surrounding by a ruffled membrane around a 
large digestion lacuna. An active process will then transport H+ ions and hydrolases 
inside this lacuna in order to digest the bone matrix (Teitelbaum S. 2000; Blair HC. 
1998). The basal surface of a resorbing osteoclast was shown to be divided into two 
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separate domains, which receive either basolaterally or apically targeted viral 
glycoproteins, respectively (Salo et al., 1996). Recent studies (Salo et al., 1997; 
Nesbitt and Horton, 1997) also suggest that degraded matrix components are removed 
from the lacuna via a transcytotic vesicle transport process oriented towards the 
centrally located “functional secretory domain” of the basal plasma membrane.  
 
Figure 9: Current model of osteoclast intracellular organization. Osteoclasts are 
polarized cells possessing a basolateral domain (BL) on their side (identified as such 
by VSVG marker), a sealing zone (SZ) formed of a solid actin ring surrounding a 
ruffled border. This membrane facing the bone is the place where digestion occurs 
creating a large resolution lacunae (RL). Transcytotic vesicles are believed to emerge 
from the bottom to cell and to go up to the functional secretory domain (FSD) to 
release their cargo. A lot of intracellular molecules have been observed on fixed 
sample as markers for internal organelles. Recycling endosome (Rab11) and early 
endosome (EEA1) are now though to be scattered through the cytoplasm. Rab7 and 
V-ATPases (late endosomal markers) have been detected at the ruffled border 
periphery, while AP-2 and clathrin (early endocytic markers) are located around the 
sealing zone area. Some clathrin could also be detected inside the cell, like Rab9 and 
Rab3B (Modified from Väänänen 2001). 
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Studies done almost ten years ago indicate that the ruffled border (RB) is not 
compositionally identical to the membrane of secondary lysosomes in other cells 
(Palokangas H. 1997). In analogy to the phagocytic tubulocisternal organelle in 
macrophages (Rabinowitz et al., 1992), the RB contains both lysosomal glycoprotein 
lgp110 and Rab7, a marker of a late endosomal compartment. Endocytic tracers, both 
lumenal (horseradish peroxidase) and membrane-bound (transferrin), endocytosed 
from the basal plasma membrane were delivered to the RB. This indicates that the 
endocytic pathway, re-oriented during osteoclast activation, participates in the 
maintenance of the RB and could allow membrane flow to the RB, compensating for 
the loss of membrane caused by the transcytotic secretory pathway. The endocytic 
compartment, as we have seen, is composed of several compartments regulated by a 
mosaic of Rab GTPases (Zerial M and McBride H. 2001). Rab5, Rab4, Rab7, 
Rab11b, and Rab9 localization has been already studied in osteoclasts (depicted on 
Figure 9)(Zhao et al. 2002; Mulari M. et al. 2003). As Rab5, Rab4 and Rab11b have 
been mainly described to be localized on intracellular structures, whereas Rab7 and 
V-ATPases were found to concentrate on ruffled border membranes, the resorption 
lacuna is thought to be generated by the fusion of late endosomes and lysosomes with 
the plasma membrane facing the bone (Figure 9). This view of membrane traffic 
reorganisation therefore implies a normal sorting of lysosomal enzymes to lysosomes, 
followed by a massive fusion of lysosomes with the plasma membrane. Even though 
this has been described to occur in other cell types such as cytotoxic T lymphocytes 
and natural killer cells (Clark R. and Griffiths GM. 2003), it is conceivable that other 
mechanisms could also be involved in osteoclasts.  
 
Moreover the steady state localization of key membrane traffic molecules has been 
described previously, the precise molecular mechanisms involved in the targeting of 
lysosomal enzymes are still largely unknown. In fact, the vesicle transport processes 
in bone-resorbing osteoclasts are even more poorly known. Two methodological 
problems, in particular, have made these studies difficult. First, obtaining cultures of 
pure and active osteoclasts in vitro has only been established recently. Secondly, the 
individual osteoclasts possess different stages of resorption (Lakkakorpi and 




Since few years key molecules inducing the differentiation of precursor cells into 
mature osteoclasts (also called osteoclastogenesis) have been identified allowing the 
possibility to differentiated cells in vitro. It is now clear that osteoblasts  (bone 
generating cells) express two molecules that are essential and sufficient to promote 
osteoclastogenesis: macrophage colony-stimulating factor (M-CSF) and receptor for 
activation of nuclear factor kappa B (NF-κB) (RANK) ligand (RANK-L). Both cell 
types are actually derived from precursors originating from the bone marrow. The 
precursors of osteoblasts are now known to be multipotent mesenchymal stem cells, 
which also give rise to bone adipocytes or muscle cells, whereas the precursors of 
osteoclasts are haematopoietic cells of the monocyte/macrophage lineage (Figure 10 
A) (Ash P. et al. 1980; Miyamoto T et al. 2001). Mononuclear osteoclasts already 
express enzymatic activity of TRAP, vitronectin receptor (integrins) and matrix 
metalloproteinase. Although mononuclear osteoclasts also resorb bone, they are 
actively fusing together to form giant polycharyons. This multinucleation is the most 
characteristic feature of osteoclasts (Figure 10B and 10C). Cell fusion is not an 
osteoclast-specific phenomenon. It is observed in other tissues such as myotubules 
and placentas. However, amongst these cell types, osteoclasts are the largest with 
more than 100 nuclei seen in some osteoclasts.  
 
Figure 10: Osteoclast differentiation process and morphology. (A) Hematopoietic 
stem cells give rise to monocyte/macrophage progenitor cells, and then cells 
differentiate into mononuclear osteoclasts, which express various osteoclastic 
molecules such as vitronectin receptor (integrins) or TRAP. Mononuclear osteoclasts 
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already have bone-resorbing activity, and they fuse with each other to form 
multinuclear osteoclasts. The cytoskeletal system is reorganized in multinuclear 
osteoclasts to generate osteoclast-specific structures such as the sealing zone, ruffled 
borders, and a transcytosis system develops to discharge the resorbed bone debris. 
Staining for TRAcP activity (purple) of Raw 264.7 cells (B) and osteoclasts (C). 
Nuclei are in blue. (Part A taken from Miyamoto T. and Suda T. 2003, part B and C 
taken from Czupalla C. et al. 2005).  
 
Osteoclasts are able to adhere to various substrates including glass, plastic, bone, 
dentin, or crystals of various chemical compositions (calcium apatite, calcium 
carbonate; Jones et al., 1984; Razzouk et al., 1999). It has been observed that when 
cultured on none mineralized matrix cells tend to spread and to form, instead of an 
effective actin ring, a ring of podosomes. But when cultured on the proper 
environment cells do digest substrate periodically by altering resorption time where 
the become round and immobile with migration phase where their spread and move 
toward a new area (Figure 11).  
 
Figure 11: Mature osteoclasts life cycle. (A) Scheme of the different actin structures 
observed in osteoclasts. Osteoclasts seeded on glass form podosomes, small cylinders 
of actin surrounded by vinculin. Podosomes organize into three different structures 
along differentiation namely clusters, rings, and belts into mature osteoclasts 
(Destaing et al., 2003). On bone when resorbing, they form a sealing zone, a large 
circular band of actin surrounded by vinculin. Differentiated osteoclasts were plated 
on either glass (B), dentin (C), or apatite (D); scanning electron microscopy images 
of osteoclasts adherent on their respective substratum are shown (B–D). Mature 
osteoclasts adherent on glass are large flat cells with a swollen area at site of 
podosome belt (B, inset). In contrast, on dentin or apatite substrate-resorbing 
osteoclasts are contracted. Black asterisks indicate non-resorbed matrix and white 
asterisks resorption pits (C and D). (Taken from Saltel F. et al 2004)  
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Interestingly, during the resorption process osteoclasts are also able to migrate leading 
to typical resorption trails. Interactions between osteoclasts and their substrate are 
thought to be mediated by specific glycoproteins of the matrix such as fibronectin or 
vitronectin associating with integrins (Jurdic et al. 2005).  
There are important unresolved questions in several aspects of osteoclast biology. 
These include whether additional biochemical pathways are important in bone 
degradation, what control mechanisms are involved in normal osteoclast 
differentiation, the functional significance of several osteoclast intracellular 
regulatory pathways, and which extracellular signals regulate bone degradation in 
mature osteoclasts under physiological conditions.  
 
This thesis intends to concentrate on intracellular membrane traffic. Our major 
concern here is to identify the pathway responsible for lysosomal enzyme secretion in 
osteoclasts. Not only this could help us to identify drug targets for bone digestion 
control (and therefore osteoclerosis curing) but, above all, it would clarify a very 
controversial points of lysosome biogenesis.  
The research described in this thesis attempts to answer the following questions:  
• What is the general steady state distribution of M6P hydrolases and M6P 
receptor in mature osteoclasts? Using Rab GTPases as markers for endosomal 
compartments we define which endosomal compartments are implicated in 
lysosomal sorting by quantification of fluorescence confocal microscopy 
colocalization.  
• What is the particular sorting route of M6P hydrolases and their receptor along 
the endosomal pathway during osteoclast migration/resorption cycles? As 
none of the previous studies took into account osteoclast activity cycles, we 
create a more accurate view of the behaviour of both the endocytic and the 
biosynthetic compartments in mature osteoclasts by using video microscopic 
tools. 
• How does each endosomal compartment influence the ability of osteoclasts to 
secrete their lysosomal enzymes? RNAi approach on Rab GTPases allowed us 
to block specifically each membrane transport step, as these GTPases are 





A. Steady state observations 
Lysosomal enzymes are not sorted directly from the Golgi to lysosomes but rather 
undergo intermediate steps through endosomal compartments. Even though numerous 
studies have been able to identify many molecular mechanisms responsible for this 
sorting process it is still not clear through which specific types of endosomal 
compartments M6PR traffics through. We therefore decided to follow both hydrolases 
and receptors inside osteoclasts during their migration/digestion process by using 
microscopic techniques.  
 
1. Dectection of newly synthesised lysosomal enzymes 
The luminal M6P binding domains of the M6P receptor is a major product of its 
turnover that is released in the body fluids. This domain can be purified and 
fluorescently tagged for immunofluorescence purpose. M6P binding domains were 
obtained by affinity purification of foetal calf serum on a phosphomannan column and 
directly labelled with fluorescent dyes (see Material and Method) (work performed by 
Cornelia Czupalla). The analysis of the protein content of the solution showed the 
presence of only one intense 300kDa band (data not shown).  
 
We tested the M6P recognizing fragment by staining mature osteoclasts and 
precursors cells (Raw), cultured on glass, for M6P motifs. In Raw cells we observed a 
bright dotty signal all around the cytoplasm (Figure 12A), while in osteoclasts we 
could observe the labelling of large ribbon-like structures corresponding to the Golgi 
apparatus around the nuclei and small vesicular patterns corresponding to subsequent 
vesicle carriers in the cell centre (Figure 12B). We confirmed this observation by 
performing the same staining on osteoclasts cultured on bone matrix (Figure 12C). 
Even if we had more background fluorescence, we could observe in both cases 
fluorescently labelled structures very likely to be the Golgi and subsequent vesicular 
carriers. 
 
In order to confirm that this staining was not due to unspecific binding or to the 
recognition of another epitope we quenched the M6P recognizing fragment by adding 
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soluble M6P into the staining solution. When applying the quenched solution on fixed 
cells, and using the same microscopic settings as previously, we were only able to 
record background fluorescence for raw cells (Figure 12D), osteoclasts cultured on 
glass (Figure 12E) and on matrix (Figure 12F). 
 
 
Figure 12: Mannose 6 Phosphate recognition serum labels specifically M6P motifs. 
Raw cells (Raw 264.7) and osteoclasts were cultured on plastic Petri dishes for 4 
days before being transferred onto either glass or osteological disks (artificial bone 
matrix). Twenty four hours after the transfer, cells were incubated in fluorescently 
labelled purified M6P binding domains diluted 1:250 in blocking solution with 
(images D, E, F) or without (images A, B, C) 10mM soluble M6P. A/Glass cultured 
raw cells stained with M6P binding domains. B/Glass cultured osteoclasts stained 
with M6P binding domains. C/Osteological disks cultured osteoclasts stained with 
M6P binding domains. D/Glass cultured raw cells stained with M6P binding domains 
and quenched with 10mM soluble M6P. E/Glass cultured osteoclasts stained with 
M6P binding domains and quenched with 10mM soluble M6P. F/Osteological disks 
cultured osteoclasts stained with M6P binding domains and quenched with 10mM 
soluble M6P. 
 
We concluded that our purified M6P recognition fragment efficiently recognizes 
mannose-6-phosphate motifs in immunofluorescence.  
Once the efficiency of this tool was established, we wanted to know what the 
proportion of newly synthesised enzymes in our stainings was. We therefore blocked 
protein synthesis by treating the cells with cycloheximide for 3 hours prior to the M6P 
staining. As protein synthesis was impaired, all lysosomal enzymes should have been 
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processed before fixation and M6P motives removed. Any remaining signal therefore 
represents either a block in lysosomal enzyme precursor sorting or a recycling of 
unprocessed enzymes from the extracellular environment. 
We calibrated our microscope settings on control samples treated only with 
cycloheximide buffer (DMSO) for raw cells (Figure 13A), osteoclasts cultured on 
glass (Figure 13B) and on matrix (Figure 13C). On those acquisitions we could 
observe typical staining of M6P proteins around the nucleus (or nuclei) or the cells. 
All cycloheximide-treated samples (raw cell - Figure 13D, osteoclast on glass - Figure 
13E and osteoclasts on matrix - Figure 13F) showed only background fluorescence. 
 
We therefore concluded that immunofluorescence staining with the purified M6P 
recognizing fragment mainly detects newly synthesised lysosomal enzyme precursors. 
Moreover their sorting is not impaired and osteoclasts don’t endocytose or recycle 
enzyme precursors from the extra cellular environment.  
 
 
Figure 13: Mannose 6 Phosphate recognition serum recognizes specifically newly 
synthesized lysosomal enzymes precursors. Three hours prior to staining, cell culture 
medium was exchanged against medium with either 100 µg/ml cycloheximide (images 
D, E and F) either DMSO (images A, B and C) and incubated at 37°C. The cells were 





2. Distribution of lysosomal enzyme precursors in 
endosomal compartments 
If lysosomal enzyme sorting is modified during osteoclastogenesis, our first 
hypothesis was that their localization inside endosomal compartments is modified. In 
order to compare the amounts of M6P hydrolases inside the various endocytic 
organelles in osteoclasts and in precursor cells, we infected both mature cells and 
Raw cells with adenoviral vectors expressing characteristic Rab GTPases, tagged with 
fluorescent proteins, for early, recycling and late endosomes (Rab5, Rab4, Rab11 and 
Rab7 respectively). Levels of expression were kept as low as possible by fixing 
samples as soon as fluorescence could be observed. Actin was subsequently labelled 
into our samples, as well as M6P fragment, before being imaged under a confocal 
microscope. To maximise the differences between our sample sets, we observed 
preferentially mature osteoclasts possessing solid actin rings and therefore in the 
process of bone digestion.  
 
The degree of overlap considered as real colocalization between tubulo-vesicular 
objects is a critical parameter for proper colocalization studies. As we know that 
fluorescent elements that don’t overlap 100% on top of each other can nevertheless 
belong to the same membrane structures (Sonnichen et al. 2002), we decided to 
consider particles possessing at least 40% of overlapping surfaces as colocalizing.  
 
While observing and quantifying M6P hydrolase and endosome overlap in mature 
osteoclasts (grown on matrix) we clearly noticed that the GTPase most often found on 
lysosomal enzyme carriers was Rab11. We observed a high degree of colocalization 
of those two proteins also at the actin ring periphery (Figure 14C). A certain degree of 
colocalization could also be observed between M6P proteins and Rab4 at the nuclei 
periphery (Figure 14A). Colocalization was less obvious with Rab5 (Figure 14B) and 





Figure 14: Distribution of M6P containing proteins in osteoclasts cultured on 
osteological disks. Cells were differentiated on plastic prior to transfer onto 
osteological disks.  They were then infected with adenoviruses coding for fluorescent 
protein -tagged forms of Rab4 (A), Rab5 (B), Rab11 (C) and Rab7 (D). After a 24-
hour incubation, cells were fixed and stained with appropriately labelled M6P 
recognizing fragment (cf. Material and Methods). Images were acquired with a 
confocal microscope. The left column of this figure shows general views of stained 
cells with M6P hydrolases in red and Rab GTPases in green. All pictures were taken 
of osteoclasts showing a solid actin (in blue) ring in at least one focal plan. The 
variation in colocalization proportions between the different Rabs (in green) and the 
M6P proteins (in red) can be clearly observed in the magnified images. 
 
Both mature osteoclasts and precursor cells were stained and pictured with the same 
procedure. Quantifications of colocalization between Rab4, Rab5, Rab11, Rab7 and 
M6P hydrolases were performed in parallel for both sample sets. Even though in raw 
cells, the cytoplasm covers a very small surface, we did not limit our observations to 
the population of flatter cells. This implied an increase in the threshold of overlap 
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before considering objects to colocalize. Therefore, in Raw cells, we considered 
particles with a surface overlap of at least 60% to be colocalizing.  
 
In raw cells, fifty five percent of vesicles containing hydrolases were found to 
colocalize with Rab7, 40% with Rab5, 28% with Rab11 and only 11% with Rab4 in 
raw cells (Figure 15). In contrast, 18% of M6P proteins vesicles were found to 
colocalize with Rab7, 21% with Rab5, 40% with Rab11 and 40% with Rab4 (Figure 
15). 
 
Figure 15: Distribution of lysosomal enzymes precursors in endosomal 
compartments. Colocalization values were obtained from at least 10 different 
fluorescence pictures on which an average population of 50 vesicles were counted.  
 
We concluded from these results, that unprocessed lysosomal enzymes mainly 
localize to the Rab11 and Rab4 recycling endosomes (recycling pathway) in mature 
osteoclasts whereas they are more abundant in the Rab5 and Rab7 positive endosomes 
(degradative pathway) in raw cells.  
These changes in steady state distribution occurring during osteoclast differentiation, 
led us to examine whether the distribution of the M6P receptor was also affected. 
 
3. Mannose-6-Phosphate receptor distribution in endosomal 
compartments 
Using an antibody raised against the cytoplasmic part of the M6P receptor (N°286), 
we studied the localization of M6PR in both osteoclasts, and for comparison, HeLa 
cells. As shown in Figure 16A, the degree of colocalization between fluorescently 
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tagged M6PR and antibody staining with this antibody is close to 100% in HeLa cells. 
In western blot (data not shown), this antibody showed a very good recognition of 
both endogenous and mRFP-M6PR. We therefore used it in osteoclasts, hoping that 
the mouse form will also be efficiently recognised in immunofluorescence. We 
obtained very intense stainings in osteoclasts with a very low signal to noise ratio, 
indicating a good and specific recognition of the antibody. Unfortunately structures 
were highlighted with different intensity between antibody recognition and tagged 
protein expression (Figure 16B).  
 
 
Figure 16: M6P receptor distribution in osteoclasts at steady state. Different 
labelling tools give different views of the receptor distribution in osteoclasts. We 
tested the following tools available to detect M6PR’s presence: a monomeric red 
fluorescent protein fusion protein (here in red) (fused at the C-terminus of the 
receptor and therefore facing the luminal domain once expressed), one antibody 
(N°286) raised against the cytoplasmic part of the receptor and one antibody 
(N°5c64) raised against its luminal part (in green). Those tools were applied on HeLa 
cells (A) and on osteoclasts (B and C).  
 
In osteoclasts, our RFP labelled construct (fused at the C-terminus of the receptor and 
therefore facing the luminal domain once expressed) could be found in high 
concentration in ribbon-like structures next to the nuclei and in small peripheral 
structures as in HeLa cells. However, even though our antibody raised against the 
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cytoplasmic part of the receptor also labelled the Golgi area and the majority of the 
vesicles containing RFP-MPR, it also showed an intense labelling in the sealing zone 
area and inside large vesicles shown to have high calcium content (unpublished 
results by Tobias Heckel) (Figure 16B). As the RFP-M6PR we used had the RFP 
label on the luminal side, we could assume that the fluorophore present inside 
transport vesicles could be quenched or degraded during the sorting of the receptor. 
This would explain the fact that the antibody recognizing the cytoplasmic part of the 
receptor labels more structures than RFP-MPR. In order to confirm this hypothesis, 
we used an antibody raised against the luminal part of the M6PR named N°5c64. 
Even if giving low signal in immunofluorescence, the antibody N°5c64 showed a 
localization 100 % identical to the RFP-MPR labelling (Figure 16C). 
We therefore deduced that M6PR was altered or less accessible on its luminal side 
during its sorting process preventing the antibody N°5c64 from labelling some MPR-
containing structures inside osteoclasts. The fluorophore on our RFP-MPR constructs 
very likely underwent the same degradation leading to a loss of fluorescence in some 
structures (very likely acidic structures). This is why we decided to use both RFP-
MPR and N°286 stainings to define the localization of the receptor in osteoclasts. 
 
 
Figure 17: Distribution of the Mannose-6-Phosphate receptor in endosomal 
compartments observed with two distinct tools. Mature osteoclasts were seeded on 
osteological disks, infected with adenoviruses coding for GFP-tagged Rab GTPases 
before being fixed. HeLa cells were cultured on glass. Half our MPR stainings were 
done by expressing luminal RFP tagged MPR constructs in parallel with Rab protein, 
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when the other half was done by endogenous labelling of the M6PR with the antibody 
raised against the cytoplasmic domain of the receptor. Colocalization values were 
obtained from at least 10 different confocal pictures on which was counted a 
population of on average 100 vesicles.  
 
Colocalization studies of those markers showed that in HeLa cells an average of 16% 
of the MPR carriers were coated with Rab7, 30% with Rab5, 27% with Rab11 and 
26% with Rab4 regardless of the used tools (Figure 17). In osteoclasts luminal and 
cytoplasmic labelling gave different results. Previous experiments done in our lab 
suggest that when using tools to detect the cytoplasmic part of the receptor we can 
visualize receptors in both their active and inactive state in the degradative pathway, 
in which case most of the signal is detected in late endosomal compartments. An 
average of 28% of the MPR containing vesicles were found to colocalize with Rab7, 
18% with Rab5, 16% with Rab11 and 13% with Rab4 (Figure 17).  Interestingly, 
when detecting the luminal part of the receptor by antibody staining or by expressing 
a luminal GFP tagged fusion protein, the major part of the receptor was found to be 
present close to the nuclei and colocalizing with Rab4 and Rab11. An average of only 
12% of the MPR containing vesicles were found to colocalize with Rab7, 17% with 
Rab5, 28% with Rab11 and 33% with Rab4 (Figure 17). 
Therefore, assuming that luminal stainings give us a view of the first sorting steps of 
the receptor and that cytoplasmic stainings add a pool of receptor in the process of 
being degradated, we concluded that most of the active M6PR are present in Rab11 
and Rab4 positive compartments. The distribution of the receptor and the lysosomal 
hydrolases is therefore very similar in mature osteoclasts.  
We therefore tried to understand what dynamic changes were responsible for this 
modified steady state localization.  
 
We determined by video microscopy whether the M6P receptor was able to have 
sorting activities in the different endosomal compartments. We observed our 
fluorescently tagged M6PR entering Rab4 positive vesicles, which lost their Rab4 
coat after a while (data not shown). As we could also observe some double-labelled 
structures moving together and participating in homotypic fusions, we concluded the 




Interestingly we also observed moving, M6PR-containing vesicles coated with Rab11 
GTPase very close to the Golgi stacks in osteoclasts. We could also see some Rab11 
patches directly on the Golgi. Once some of these double-labelled vesicles left the 
Golgi area, we were able to observe them moving together and participating in 
homotypic fusions (data not shown). We concluded that the Rab11 positive 
compartment is also a sorting step of the receptor. Remarkably we could only rarely 
detect any exit of the receptor from Rab11 positive vesicles. By following the same 
approach we observed that the movement of M6PR was independent of Rab7 (data 
not shown).  
 
We then investigated the amount of motile M6PR positive vesicles coated with either 
Rab4, Rab11 of Rab7 GTPases in osteoclast in order to quantify the ability of the 
receptor to be sorted through the different endocytic compartment. Almost all Rab11-
coated vesicles are filed with M6P receptor whereas only few Rab4 positive vesicles, 
and even fewer Rab7 positives vesicles are (Figure 18). Interestingly we could also 
observe that while it was easy to observe MPR/Rab7 or MPR/Rab4 segregations, it 
was very difficult to capture any MPR/Rab11 separations, which implies that the 
receptor resides for a longer time inside this compartment.  
 
Figure 18: Motile structures positive for M6P receptor are more often coated with 
Rab11 than Rab4 and even less with Rab7. RabGTPases and RFP MPR expressing 
osteoclasts were cultured on glass. Fluorescent microscopy was performed at 
relatively high frame rate (one image per 500ms) for 30 minutes. Each line represents 
a different time point of a double expressing osteoclast in live imaging. Full 
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arrowheads show double-labelled structures and open arrowheads are pointing at 
M6P carriers that are devoid of Rab GTPases.  
 
These data indicate a predominant role of Rab11 in lysosomal enzyme sorting in 
osteoclasts. We therefore decided to investigate further the dynamics of Rab GTPases 
in osteoclast.  
 
B. Dynamics of endosomal compartments during bone 
resorption 
Only steady state analyses of osteoclasts are available in the published literature. 
While some key steps of their life cycle (resorption or migration) are described, no 
intermediate states between have been studied. Almost all references to their activities 
are actually made by actin observations. For our study, we wanted to observe Rab 
GTPases in live imaging and observe if resorption/migration cycles did influence 
endosomal compartment’s behaviour. The technical constrains of current microscopes 
did not allow us to introduce a third marker (actin) into our measurement. We 
therefore first characterized the dynamics of each endosomal compartment during the 
osteoclast life cycle. 
 
1. Rab11 aggregates around the actin ring 
We first looked at the behaviour of the recycling endosome during the osteoclast 
migration/digestion cycle. Zhao and colleagues investigated Rab11 in osteoclasts via 
immunofluorescence in 2002, observing a dotty localization of this GTPase all around 
the cell. By expressing YFP-tagged Rab11 in osteoclasts we could observe in video 
microscopy the same vesicular staining in cells cultured on glass in migration phase 
(Figure 19B). When the cells were cultured on osteological disks and showed signs of 
active digestion, Rab11 positive vesicles aggregated around the actin ring, creating a 





Figure 19: Rab11 localization in mature osteoclasts. Osteoclasts were differentiated 
on plastic before being transferred either on osteological disk (A) or on glass (B). 
They were subsequently infected with YFP-Rab11 expressing virus (here depicted in 
green) and incubated for 18 hours at 37ºC. After fixation cells were stained for actin 
(in red) and imaged with a confocal microscope. 
 
We observed the establishment of such a vesicle belt by time-lapse video microscopy. 
Interestingly this characteristic localization could be observed only on cells cultured 
on bone matrix even though osteoclasts can form small transient actin rings on glass. 
We therefore used osteological coverslips to follow this mechanism under 
epifluorescence and phase contrast simultaneously (Figure 20).  
 
Unfortunately we could not observe actin behaviour during this process, but we could 
assume its presence by detecting organelle free areas, and relating the observed 
patterns to phalloidin-stained confocal pictures. The phase contrast view didn’t allow 
us to detect the actin ring’s presence but did efficiently report of the cells height in Z, 
as the rounder the cell get the more shadow it creates.  
 
At first we can see small vesicles of different intensities and motilities scattered 
throughout the cytoplasm (Figure 20 images 1). A dense belt of recycling endosomes 
appears almost immediately as an organelle devoid area is created (Figure 20 images 
2). During the time the actin seems to expand the Rab11 positive vesicles continue to 
tightly follow the sealing zone (Figure 20 images 3). Interestingly we can observe a 
continuous flow of vesicles coming toward the digestion area and accumulating in 
this vesicular ring creating a more and more intense labelling (Figure 20 images 4 and 
5) until the actin ring disappears (Figure 20 images 6).  At this point, remaining 
vesicles are released and dispersed in the cytoplasm. As this process is taking place, 
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the cells height increased and an important number of large vesicles (possibly 
transcytotic vesicles) can be observed emerging from the resorption point. This 
particular Rab11 localization could be observed on confocal pictures and correlated 
with actin ring organisation and therefore with osteoclast resorption activity. 
 
 
Figure 20. Rab11 dynamics in bone resorbing osteoclasts. Osteoclasts were 
differentiated on plastic before being transferred onto osteological coverslips glued to 
a 30mm Petri dish. They were subsequently infected with YFP-Rab11 viruses and 
incubated for 18 hours at 37°C. Time lapse imaging (from 1 to 6) was performed 
under a CO2, humidity and temperature-controlled box for 4 hours. Fluorescence 
recording of Rab11 (panels A) was done in alternation with phase contrast recording 





2. Rab7 is present at the ruffled border 
Rab7 distribution has been already studied in various cell types. It is localized on late 
endosomes in HeLa cells (Chavrier et al., 1990). In osteoclasts the only studies done 
so far were based on immunofluorescence and did not always have a good degree of 
resolution. Steady state images show that GFP-tagged Rab7 localizes on small 
vesicles scattered throughout the cell when cells are cultured on glass (migrating 
osteoclasts) (Figure 21A). When cultured on osteological disks, characteristic patterns 
of bone digestion (actin ring formation, resorption pits) can be observed. Rab7 
concentrates inside and around the actin ring (Figure 21A and 21B), and Rab7 
positive vesicles can also be observed inside the cell. 
 
 
Figure 21: Rab7 relocalization during the digestion-migration cycle. (A) Confocal 
pictures of osteoclasts expressing GFP-Rab7 (in green) and stained for actin (in red). 
The left picture was taken from osteoclasts cultured on osteological disks. The right 
picture was taken from osteoclasts cultured on glass coverslips. (B) Live imaging of 
osteoclasts cultured on osteological coverslip and expressing GFP Rab7. (C) Zoomed 
view from movie B. Top: GFP Rab7 fluorescence, Bottom: phase contrast view. The 
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arrow marks a piece of matrix that has been degraded. Time clocks are showing 
Hours:Minutes. 
 
Previous studies (Palokangas et al. 1997) have shown that Rab7 concentrates at the 
sealing zone of mature osteoclasts. Our own time-lapse video microscopy acquisitions 
allowed us to observe the establishment of this characteristic Rab7 labelling of the 
ruffled border. Rab7 vesicles first follow some of the membrane protrusions the 
osteoclast is constantly creates while migrating (Figure 22). Some of those 
protrusions will retract and some others will stay and eventually be a site of actin ring 
creation.  As soon as the actin ring is settled, we observed the ruffled border to be 
highly Rab7 positive (Figure 22 B and C). The actin will then disappear and the Rab7 
labelling can be observed on transcytotic vesicles before being released into the cell 
cytoplasm. The matrix degradation process was confirmed by visual observation of 
bone matrix removal (Figure 22 C). 
 
 
Figure 22: Rab7 vesicles accumulate in the ruffled border zone prior to sealing 
zone formation. Precursor cells were differentiated on plastic before being 
transferred on glass bottom Petri dishes and infected with adenovirus coding for 
GFP-Rab7 prior to time-lapse video microscopy. Acquisitions were performed at a 
frame rate of 1 image every 2 minutes for 3 hours under epifluorescence microscopy. 
(A) Zoomed view of an edge of multinucleated osteoclast where Rab7 positive vesicles 
distribution is relatively homogenous. (B) A large amount of Rab7 positive vesicles 
concentrate at a specific zone of the cytoplasm. (C) Few minutes later, an actin ring is 
formed in this Rab7 rich area. The clock indicates time as Hours:Minutes:Seconds.. 
 
3. Rab4 dynamics are independent of actin ring formation 
Being able to observe characteristic Rab11 aggregation at the actin ring periphery we 
wondered if Rab4 could possess the same type of activity. Indeed Rab4 is also 
involved in recycling material to the plasma membrane, but Rab4 and Rab11 have 
distinct functions in the recycling pathway. Indeed, even if both Rabs are participating 
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the recycling of receptors (such as transferrin receptor) to the plasma membrane only 
Rab11 as been reported to fuses with the plasma membrane during exocytic events 
(Ward et al. 2005).  
 
 
Figure 23: Rab4 dynamics during the migration-digestion cycle. (A) YFP-Rab4 (in 
green) expressing osteoclasts were cultured either on osteological disks (on the left) 
either on glass coverslips (on the right). Both were later stained for actin (in red). (B) 
Rab4 expressing osteoclasts were cultured on osteological coverslips for 5 hours and 
recorded in time lapse imaging by fluorescence microscopy. (C) As magnified view of 
the previous movie shows Rab4 dynamics at the proximity of the actin ring (vesicles 
clear areas). The clock indicates time as Hours:Minutes:Seconds. 
 
Once expressed in osteoclasts, YFP-Rab4 showed a vesicular staining inside the cell 
cytoplasm. The most intense vesicles were around the nuclei and some smaller 
particles could be observed at the cell periphery (Figure 23A).  
Surprisingly this pattern was observed for both cells in migration and in digestion. In 
order to confirm this result we monitored Rab4 dynamics during actin ring formation 
in osteoclasts. Although moving within the cytoplasm Rab4 was not showing any 
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particular aggregation at the ruffled border periphery even if cells were clearly 
degrading bone matrix (Figure 23B and 23C).  
 
4. M6P hydrolase colocalization values are activity-
dependant 
During our dynamic study of endocytic compartments we already observed that the 
localization of the recycling endosome is reorganised according to osteoclast 
activities. As we stated previously, we could deduce osteoclast activities not only by 
observing actin ring formation but also by detecting the presence (or absence) of large 
vesicles very likely to be transcytotic vesicles. Those two facts allowed us to classify 
our confocal microscopy data set into 3 categories that we could clearly define from 
live imaging acquisitions (Figure 24A): before, during, and after bone digestion. 
According to this new classification, and taking as a double reference Rab11 
localization and the presence of transcytotic vesicles, we could observe the 
localization of M6P-labelled proteins in different resorbing states (Figure 24B). 
 
Interestingly we could observe that before bone digestion most of the newly 
synthesised enzyme precursors are located in the perinuclear area. They can form 
large ribbon-like structures suggesting that they can be found in the Golgi as well as 
in some peripheral structures. Once the actin ring is established and Rab11 vesicles 
accumulate around it, lysosomal enzyme precursors could be detected at the sealing 
zone periphery. Most of Rab11 vesicles accumulated around this area were contained 
hydrolases. Therefore the degree of colocalization between these two molecules was 
very high during bone digest (Figure 24C).  
 
As soon as an important number of large vesicles appear (a sign that bone digestion 
has occurred) the colocalization between Rab11 and hydrolases decreases drastically. 
Most of the enzyme-containing structures are located close to the nuclei, suggesting 
that the peripheral structures did unloaded their content and that only newly 




Figure 24: Recycling endosome behaviour during bone matrix resorption. (A) We 
defined 3 major patterns during migration/digestion cycles undergone by osteoclasts. 
Left column: Before digestion.  The matrix digestion didn’t start; there are no large 
transcytotic vesicles. Centre column: During digestion. Osteoclasts create large solid 
actin rings and start resorbing bone matrix, transcytotic vesicles appear as digestion 
goes on. Right column: After digestion. Resorption did take place; transcytotic 
vesicles remain inside the cell. (B) For each state we observed both Rab11 and M6P 
proteins localization. (C) Zoomed areas of merge triple colocalization (Rab11 in 




We have therefore shown that enzyme localization in not only depends on the 
differentiation state of the cells (precursors or mature cells) but on their activity 
(migration or digestion).  
 
C. Functionnal importance of Rab GTPases in lysosomal 
enzyme sorting mechanism   
As we have shown Rab11 seems to be important for lysosomal enzyme secretion. We 
therefore decided to use an RNAi approach to further confirm its role in osteoclasts. 
As reported by Laitala-Leinonen and colleagues last year, severe difficulties in 
transfecting mature osteoclasts have been encountered, making the use of modern cell 
biology tools in osteoclast research challenging. In fact, no efficient transfection of 
mature osteoclasts by liposomal transfection systems has been reported. Instead, 
massive cell death by apoptosis was found with all concentrations and 
liposome/DNA-ratios tested. This is why we tested osteoclast electroporation with 
Invitrogen-designed Stealth RNAi. This technique allowed us to knockdown 
specifically Rab isoforms in osteoclast. We could therefore deplete osteoclast from 
one or several specific GTPases at once and monitor their ability to secrete lysosomal 
enzymes by performing enzymatic assay on their surrounding medium. 
1. Slow recycling endosome: Rab11 
The Rab11 subfamily members, comprising Rab11a, Rab11b, and Rab25, (both in 
human and in mouse) act in recycling of proteins from the endosomes to the plasma 
membrane, in transport of molecules from the trans-Golgi network to the plasma 
membrane and in phagocytosis (Bhartur SG et al. 2000). Rab11a has been well 
studied and seems to be implicated in both anterograde and retrograde transport from 
the Golgi to the recycling endosome. Actually, most papers quoting Rab11 are in fact 
referring to Rab11a. On a functional point of view Rab11b shares a critically 
transferrin receptor recycling capability with Rab11a (Schlierf B. et al. 2000) even 
though their localization has been shown to diverge in MDCK cells and have a 
different reaction to microtubule disruptive agents nocodazole treatment (Lapierre LA 
et al. 2003). It is therefore still unclear if those two isoforms have redundant activities 
or if they participate in different mechanisms.  
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o Knock-down:  
We electroporated mature osteoclasts with Stealth RNA designed against Rab11a, 
against Rab11b, or with both. As a control we also electroporated a fourth sample 
with scrambled Stealth RNA. Each condition was tested in quadruplicate to allow the 
extraction of total protein content, of total RNA content and immunostaining of one 
given electroporation as well as medium supernatant collection.  
 
We performed retro-transcription on our total RNA extracts and amplified the 
resulting cDNA with primer designed for the different Rab GTPases we are studying. 
As an internal control we also amplified GAPDH to confirm the homogeneity in the 
manipulation. We observed that we were able to selectively knock down Rab11a and 
Rab11b without affecting the level of expression of other Rabs (Figure 25A). We 
subsequently analysed beta-hexosaminidase and cathepsin K activities present in the 
medium supernatant of each sample. We first noticed that the fact that cells were 
cultured on osteological disks or on plastic did not affect the amount of enzyme 
activity present in the medium (data not shown). 
 
Figure 25B shows that the electroporation of Stealth RNA against Rab11a reduced 
Rab11a’s expression to 38% of the control level without affecting the Rab4 or Rab7 
expression levels. As a consequence the enzymatic activity of both beta-
hexosaminidase and cathepsin K were reduced by almost 50% compared to the 
control electroporation. Interestingly the electroporation of Stealth RNA against 
Rab11b reduced Rab11b’s expression to 21% of the control, and reduced the 
enzymatic activity of both hydrolases to roughly 35% of the control electroporation. 
When electroporating Stealth RNA against both Rab11a and b, we reduced 
simultaneously Rab11a levels to roughly 30% and Rab11b levels to roughly 40%. At 
the same time the hydrolases activity levels are decreased to 40% of the control 





Figure 25: Cathepsin K relative activity in secreted medium of knockdown 
osteoclasts. (A) Total mRNA was extracted from osteoclast cultures and retro-
transcribed as described in material and methods. Equal amounts of the resulting 
cDNA were amplified by semi-quantitative PCR and run onto a 1% agarose gel. As 
an internal control we also verified the presence of GAPDH in equal amounts. (B) 
Enzyme activities of both cathepsin K and beta-hexosaminidase were measured in the 
medium supernatant by fluorescent substrate cleavage. Fluorescence values were 
measured at least twice in quadruplicates, normalized according the total protein 
amounts and reported in comparison to the value given by osteoclasts electroporated 
with scrambled stealth RNA. 
 
 
It is also interesting to note that precursor cells secrete a basal level of 30% of the 
mature osteoclast secretion capabilities. Therefore rab11b and rab11a+rab11b 
knockdowns reduced the secretion abilities of the osteoclasts very close to the basal 
level achieved by Raw cells. Moreover it is interesting to note that double knockdown 
of both rab11a and rab11b did not induce any cumulative effect indicating that they 
probably act in the same pathway. 
 
 
If lysosomal enzymes following a M6PR pathway are not secreted any longer, what is 
their fate inside knockdown osteoclasts? 
 
Figure 26A shows a knockdown of Rab11a (88% KD) in osteoclasts grown on 
osteological disks and stained for M6P hydrolases. In Figure 26B, we can observe that 
even though the general distribution pattern of the M6P proteins is not changed, the 
amount of protein is much higher in knockdown cells than in control cells. Statistic 
analysis of both samples revealed that knockdown cells exhibited twice more 
fluorescence than the control sample. We can therefore conclude that when Rab11a or 
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Rab11b are disturbed the lysosomal enzyme precursors remain in intracellular 
compartment probably the Golgi. The recycling endosome is therefore involved in the 
secretory pathway of hydrolases in osteoclasts.  
 
 
Figure 26: Mannose6Phosphate proteins accumulate inside osteoclasts upon 
Rab11a knockdown. (A) Total mRNA was extracted from osteoclast cultures and 
retro-transcribed as described in material and methods. Equal amounts of the 
resulting cDNA were amplified by semi-quantitative PCR and run onto a 1% agarose 
gel. We checked for the presence of Rab11a on samples electroporated with Stealth 
RNA against Rab11a, scramble stealth RNA (control) or non-electroporated 
osteoclast extract. As an internal control we also measured the expression levels of 
GAPDH. (B) In the same experiment some cells were stained for M6P proteins and 
observed under confocal microscopy. 
 
o Overexpression:   
To strength this result we overexpressed Rab11a in mature osteoclasts and observed 
the influence of this overexpression on the ability of cells to secrete M6P hydrolases. 
We overexpressed a EYFP-tagged Rab11a in mature osteoclast for 24 hours before 
proceeding to the secretion medium measurements (cf. Material and Methods). 
Overexpression levels were checked both visually by fluorescence microscopy and by 
western blotting (data not shown). Only samples indicating a EYFP overexpression 
equal or superior to ten times the endogenous levels were further analysed. Both 
Cathepsin K and β-hexosaminidase levels were slightly increased (around 1,5 times) 
in the medium compared to EGFP-actin expressing controls and osteoclasts only 
treated with virus glycerol buffer (Figure 27). This indicates again that Rab11a is 
involved in M6P lysosomal enzyme trafficking to the plasma membrane as an 
increase in Rab11a availability induces a faster turnover of the GTPase onto 





Figure 27: Enzyme secretion is slightly enhanced by Rab11a (wild type) 
overexpression. We infected mature osteoclast for 48hours with YFP-Rab11a or 
GFP-Actin (as a control). Enzyme activities of both Cathepsin K and Beta-
hexosaminidase were measured in the medium supernatant by fluorescent substrate 
cleavage. Fluorescence values were measured at least twice in quadruplicates, 
normalized according the total protein amounts and reported to the value given by 
osteoclasts treated with virus glycerol buffer only. 
 
 
2. Fast recycling endosome: Rab4 
As noted earlier, Rab11 is known to share some membrane domains with Rab4 in the 
recycling pathway. As Rab11 seems to have an important role in lysosomal enzyme 
sorting we decided to investigate further the role of Rab4 in this process. 
 
Rab4 possesses two isoforms in both human and mouse, named Rab4a and Rab4b. 
Rab4a is the most studied isoforms and has been implicated in recycling from early 
endosomes and transport to the apical plasma membrane in Madin-Darby canine 
kidney cells (Mohrmann K et al. 2002a; Mohrmann K et al. 2002b). Able to localize 
on the same membrane as Rab5 and to share effectors it has been stated to be a sorting 
intermediate between early endosomes and plasma membrane along the recycling 
pathway (Vitale G et al. 1998; Sönnichsen B. et al 2000). Rab4b has been proposed to 
regulate membrane trafficking through a compartment involved in the polarized 
secretion of cell wall components in plant cells (Preuss ML. et al. 2006), and 
interestingly suggested to participate in lysosomal associated defects (Barbosa MD et 





o Knockdown:  
We electroporated mature osteoclasts with Stealth RNA designed against rab4a, 
against rab4b, or with both, as we did for rab11.  
We observed that we were able to selectively knock down rab4a or rab4b without 
affecting the level of expression of other Rabs (Figure 28A). We subsequently 
analysed beta-hexosaminidase and cathepsin K activities present in the medium 
supernatant of each sample. We observed that neither reduced levels of rab4a (90% of 
expression was impaired) or rab4b (54% of expression was impaired) were able to 
reduce the amount of β-hexosaminidase or cathepsin k secreted in the medium 
(Figure 28B).  
 
 
Figure 28: Cathepsin K and β-hexosaminidase relative activities in secreted 
medium of rab4 knockdown osteoclasts. (A) Total mRNA was extracted from 
osteoclasts cultures and retro-transcribed as described in materials and methods. 
Equal amounts of the resulting cDNA were amplified by semi-quantitative PCR and 
run onto a 1% agarose gel. As an internal control we also verified the presence of 
GAPDH in equal amounts. (B) Enzyme activities of both cathepsin K and beta-
hexosaminidase were measured in the medium supernatant by fluorescent substrate 
cleavage. Fluorescence values were measured at least twice in quadruplicates, 
normalized according the total protein amounts and reported to the value given by 
osteoclasts electroporated with scrambled stealth RNA. 
 
Moreover we were unable to observe any differences on a microscopic level between 
knocked down and control cells on neither enzymes or M6P receptor localization and 
abundance (data not shown). This is actually surprising as we observed them both in 
Rab4 positive compartments. Nevertheless it implicates that enzyme secretion of M6P 
hydrolases does not rely on neither Rab4 isoforms.  
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o Overexpression:   
We also observed that the overexpression of Rab4a in osteoclasts induces very little 
change in Cathepsin K and β-hexosaminidase secretion indicating again the minor 
role of this Rab in hydrolase exocytosis (Figure 29). 
 
 
Figure 29: Relative activities for secreted lysosomal enzymes in medium from 
osteoclasts overexpressing Rab4a. We infected mature osteoclasts for 48hours with 
YFP-Rab4a, GFP-Actin, or only virus glycerol buffer. Enzyme activities of both 
cathepsin K and beta-hexosaminidase were measured in the medium supernatant by 
fluorescent substrate cleavage. Fluorescence values were measured at least twice in 
quadruplicates, normalized according the total protein amounts and reported to the 
value given by osteoclast treated with virus glycerol buffer only. The effective 
overexpression of YFP-Rab4a was controlled by fluorescence microscopy for each 
value.  
 
3. Late endosomes : Rab7 
We continued our study by observing the effects on enzyme secretion of reduced 
Rab7 expression levels. Rab7 is a small Rab GTPase that regulates vesicular traffic 
from early to late endosomal stages of the endocytic pathway. Until recent studies 
only one isoforms of Rab7 had been detected. Yang and colleagues reported in 2004 
the cloning and characterization of a novel Rab7-like GTPase in humans, which 
shares highest homology (50% protein sequence) with Rab7 and thus was designated 
as Rab7b. RT-PCR and Western blot analysis of Rab7b expression shows that Rab7b 
is selectively expressed in monocytes, monocyte-derived immature dendritic cells 
(DCs), and promyeloid or monocytic leukemia cell lines. Immunofluorescence 
confocal microscopy demonstrated that Rab7b is associated with lysosomal 
organelles. These data did suggest that Rab7b is a lysosome-localized monocytic cell-
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specific small GTPase, and is involved in PMA-induced APL cell differentiation and 
possibly in regulation of monocyte functions (Yang M. et al. 2004). Nevertheless the 
mouse isoform has not yet been found and this is why we only discuss Rab7 
(assuming Rab7a) in the following experiments.  
o Knockdown:  
We electroporated mature osteoclasts with Stealth RNA designed against rab7.  We 
observed that we were able to selectively knock down Rab7 without affecting the 
level of expression of other Rabs (Figure 30A).  
The depletion of 70% of rab7 proteins in mature osteoclast induces a 50% decrease in 
lysosomal enzyme secretion (Figure 30). This result confirms the Zhao H. et al. 
(2001) study showing that Rab7 knockdown impairs bone digestion. We can therefore 
add that not only the ruffled border is unable to form, but also the enzymes fail to be 
secreted correctly.  
 
 
Figure 30: Cathepsin K and β-hexosaminidase relative activities in secreted 
medium of rab7 knockdown osteoclasts. (A) Total mRNA was extracted from 
osteoclast cultures and retro-transcribed as described in material and methods. Equal 
amounts of the resulting cDNA were amplified by semi-quantitative PCRs and run 
onto a 1% agarose gel. As an internal control we also verified the presence of 
GAPDH in equal amounts. (B) Enzyme activities of both cathepsin K and beta-
hexosaminidase were measured in the medium supernatant by fluorescent substrate 
cleavage. Fluorescence values were measured at least twice in quadruplicates, 
normalized according the total protein amounts and reported to the value given by 




o Overexpression:   
In order to strength the observed influence of Rab7 levels on enzyme secretion we 
overexpressed a EGFP-tagged Rab7 in mature osteoclasts. Both cathepsin K and β-
hexosaminidase levels were increased (around 1,6 times) compared to EGFP-actin 
and osteoclasts treated only with virus glycerol buffer (Figure 31). This indicates that 
Rab7 is involved in M6P lysosomal enzyme secretion.  
 
Figure 31: Relative activities for secreted lysosomal enzymes in medium from 
osteoclasts overexpressing Rab7. We infected mature osteoclast for 48hours with 
GFP-Rab7, GFP-Actin, or only virus glycerol buffer. Enzyme activities of both 
cathepsin K and beta-hexosaminidase were measured in the medium supernatant by 
fluorescent substrate cleavage. Fluorescence values were measured at least twice in 
quadruplicates, normalized according the total protein amounts and reported to the 
value given by osteoclast treated with virus glycerol buffer only. The effective 
overexpression of GFP-Rab7 was controlled by fluorescence microscopy for each 
value.  
 
From these experiments we can conclude that both Rab11 and Rab7 are implicated in 
enzyme secretion whereas Rab4 only has a minor role in this process. It is therefore 
surprising that two rabs that belong to different pathways (Rab11 for recycling and 
Rab7 for degradative) have similar effects whereas two others that belong both to the 
recycling pathways have opposite effects. We therefore tried to estimate if any 
pathway was predominant by comparing double knockdowns effects. 
 
4. Double knock down: evaluating pathway importance 
We did multiple knockdown experiments in order to estimate the redundancy of each 
effect we could observe. As we mentioned previously, the different Rab isoforms we 
tested (Rab11a and b / Rab4 a and b) act on the same pathway as the double 
knockdown of both isoforms gave the same result as single knockdowns. We can 
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already observe that Rab11 seems to have a slightly more important effect on 
secretion than Rab7 (Figure 32). Moreover multiple knockdowns of Rab11a/Rab11b 
and Rab7 reduce enzyme secretion to background levels (set by raw cell secretion). 
As their effect is cumulative, we can conclude that they act on different pathways, 
which is expected as they belong to different pathways in other studied cell types. In 
other words recycling endosomes and late endosomes act together to perform 
lysosomal enzyme secretion. Moreover the multiple knockdowns of Rab4a/Rab4b and 
Rab7 or Rab4a/Rab4b and Rab11 reduce only mildly enzyme secretion indicating 
again the minor effect of Rab4 on this process (that could even be seen as inhibitory 
as those levels don’t manage to reach Rab11 or Rab7 knockdown alone).  
 
 
Figure 32: Knockdown effects of rab4, rab7 and rab11 on enzyme secretion in 
osteoclasts. Enzyme activities of both cathepsin K and beta-hexosaminidase were 
measured in the medium supernatant by fluorescent substrate cleavage. Fluorescence 
values were measured at least twice in quadruplicates, normalized according the total 
protein amounts and reported to the value given by osteoclast electroporated with 
scrambled stealth RNA (CTL). 
 
We can therefore conclude that Rab11 and Rab7 both play a major role in enzyme 
secretion. As the lower levels of enzyme secretion in single rab knockdowns were 
achieved with rab11 we can say that it is globally more important to secretion than 
Rab7. Taken all together those results draw us a new model for lysosomal secretion in 
osteoclasts and also for general sorting pathways from the Golgi to endosomes and 




We demonstrated here that both M6P hydrolases and M6P receptors are found mainly 
in recycling endosomes (Rab11 and Rab4 positive structures) in mature osteoclasts 
whereas they are mainly present in late endosomal compartments (Rab7 positive 
structures) in osteoclast precursors or HeLa cells. Moreover Rab11 positive 
endosomes are able to aggregate around the actin ring during digestion, while Rab7 
concentrates inside the ruffled border. This strongly suggests a major role of these 
two GTPases in lysosomal enzyme secretion, which was confirmed by RNAi 
approach. Indeed, Rab11 knockdown totally inhibits hydrolase secretion, while Rab7 
knockdown reduces it by 50%. 
 
A. Rab11 is a key GTPase for lysosomal enzyme secretion 
in mature osteoclasts 
Rab11 localizes to the pericentriolar recycling endosome, the trans-Golgi network, 
post-Golgi vesicles and secretory vesicles in mammalian cells (Chen et al., 1998; 
Deretic, 1997; Ullrich et al., 1996; Urbe et al., 1993). In CHO cells, Rab11 has been 
shown to regulate the late recycling of endocytosed receptors such as transferrin 
receptor (TfR) (Ullrich et al., 1996; Ren et al., 1998). In parietal epithelial cells, 
Rab11 is enriched on tubulovesicular structures controlling plasma membrane 
recycling related functions (Goldenring et al., 1994).  
 
In non-polarized baby hamster kidney (BHK) cells in culture, expression of 
dominant-negative Rab11S25N inhibited transport of a basolateral marker protein 
marker, VSVG, but had no impact on delivery of an apical marker protein, influenza 
hemagglutinin (Chen et al., 1998).  
In polarized MDCK cells, Rab11 localizes to a subapical, pericentriolar recycling 
endosome (Casanova J. et al. 1999). It has been shown to be important for the 
delivery of newly synthesized protein en route to the basolateral surface. Recent 
observation showed that the recycling endosomes can serve as an intermediate during 
transport from the Golgi to MDCK cell plasma membranes (Ang et al., 2004).  
Recent studies showed that the recycling endosomes can serve as an intermediate 




An increasing numbers of papers now implicate this GTPase in plasma membrane 
delivery. The expression of Rab11 negative mutants in 3T3-L1 adipocytes 
significantly inhibits the secretion of the hormone adiponectin, also called ACRP30 
(Clarke M. et al. 2006). Expression of dominant negative mutants in Drosophila 
developing photoreceptors blocks rhodopsin trafficking to their photosensitive apical 
membranes (Satoh A. et al. 2005). Expression of the same Rab11 mutant disrupted 
the cell surface delivery of E-cadherin and caused its mistargeting to the apical 
membrane in MDCK cells (Lock and Stow 2005).  
It is interesting to note that in yeast the two Rab11 homologues (Ypt31p and Ypt32p) 
are also thought to regulate membrane transport of proteins along the secretory 
pathway (Benli et al., 1996; Jedd et al., 1997).  
 
In our case, we could show that contrary to precursor cells, the Rab11 positive 
compartments of mature osteoclasts are rich in lysosomal enzymes. Moreover the 
knockdown of Rab11 totally blocks the secretion of M6P hydrolases inside the cell 
(Figure 33). 
 
These data demonstrate that one mandatory step of lysosomal enzyme transport 
toward the resorption lacunae is the slow recycling endosome. It therefore suggests 
that the intermediate sorting of secreted proteins to the recycling endosome in their 
transport from the Golgi to the plasma membrane is a common feature to mammalian 
cells. 
 
The M6PR is known to be sorted in AP-1 dependant clathrin coated vesicles (CCV). 
It is actually interesting to note that Rab11 could be found to be associated with AP-1 
coated vesicles in vitro both in mouse and pig (Baust T. et al. 2006). Collaboration 
between Rab11 and AP-1 could therefore be ubiquitous and not only due to AP-1B (a 
specific polarized cell isoforms – Traub LM and Apodaca G. 2003; Ohno H. et al 
1999) as indirectly stated by Ang L. and colleagues (2004). Moreover we can notice 
that even if mature osteoclasts are also polarized cells they do not express AP-1B. 
This intermediate compartment in the post-Golgi sorting of M6P proteins might 




Since the expression level of the M6P receptor does not changed and its localization 
is not drastically altered during osteoclastogenesis, one could argue that hydrolases 
mistargeting is due to a M6PR independent pathway. This hypothesis can be ruled out 
for several reasons. First, the receptor can also be detected inside the recycling 
endosome, indicating that enzymes and receptors are trafficking together. Second, 
video microscopy did show clear entry of the receptor into the Rab11 positive 
compartment and vesicle movement of Rab11-coated MP6R carriers, but very little 
exit of the receptor from the recycling endosome, indicating a high time of residence 
of the receptor in this compartment. A higher time of residence of the receptor inside 
the recycling endosome could largely explain the change of the fate of lysosomal 
enzymes even though M6PR steady state distribution was unaltered. 
 
 
Figure 33: Schematic representation of a new lysosome biogenesis paradigm.         
1. The endocytic pathway is known to bring material to lysosomes from the plasma 
membrane (via a Rab5 controlled mechanism) to late endosomes (via a Rab7 
controlled mechanism) and further to lysosomes. . The main pool of Rab5 localizes to 
early endosomes while Rab7 can be found mainly on late endosomes. It is known that 
elements designated to be recycled to the plasma membrane can traffic from early 
endosomes to the plasma membrane via Rab4-controlled mechanism, or through the 
recycling endosome via a Rab11-controlled mechanism. In precursor cells the 
majority of hydrolases are found in Rab5 and Rab7 compartments while they are 
more abundant inside Rab11 and Rab4 vesicles in mature osteoclasts. 2. Knockdown 
of Rab11 blocks 100% of hydrolases inside the Golgi. Rab4 knockdown has no effect 
on secretion while Rab7 knockdown inhibits 50% of the lysosomal enzyme transport 
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to the plasma membrane. We therefore deduced that some hydrolases are following a 
Rab11-mediated direct sorting to the plasma membrane, while the rest must be 
secreted via a late endosomal compartment (late endosome or lysosome). 
 
Even if mandatory for transport of lysosomal enzymes, the recycling endosome is not 
the only compartment influencing hydrolase secretion in osteoclasts.  
 
B. Rab7 is also important for secretion of lysosomal 
enzymes  
Several Rab proteins have been localized to early and recycling endosomal 
compartments whereas only two, Rab7 and Rab9, have been localized to late 
endosomes (Chavrier et al. 1990; Lombardi et al. 1993). Because Rab9 is also present 
in the trans-Golgi network (TGN) and controls transport from late endosomes to the 
TGN (Lombardi et al. 1993), the more likely candidate for being part of the molecular 
machinery responsible for the continuous fusion events between late endocytic 
structures and lysosomes is Rab7. Nevertheless dominant negative Rab7 mutant 
strongly inhibited transport from early to late endosomes, which indicates that Rab7 is 
actually essential for only this pathway (Feng et al. 1995; Mukhopadhyay et al. 1997).  
 
Over the years, Rab7 has been characterized further in transport from early to late 
endosomes and therefore has become recognized as a key regulatory protein for the 
biogenesis and maintenance of the lysosomal compartment. Recent data are actually 
showing a rapid change of identity between Rab5 and Rab7 compartments (Rink et al. 
2005). This suggests that a fast maturation process influenced by both membrane lipid 
composition and collaboration of Rab effectors controls this mechanism. 
 
Our data show that specific Rab7 knockdown results in a 50% reduction of lysosomal 
enzyme secretion. Therefore half of the hydrolase transport to the plasma membrane 
must be from a sorting step prior to early to late endosome transport (Figure 33). This, 
of course, also implies that the other half of hydrolase secretion is originating from 
late compartments.  
 
Moreover we could observe the recycling endosome being sequentially reloaded with 
enzymes before the digestion site is found, and further bringing unprocessed 
hydrolases directly to the resorption lacunae once established, which argues that 
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enzyme sorting could be reorganised every time the cell changes activity (migrating 
or digesting). During each resorption cycle the cell would therefore either sort its 
enzyme like an unpolarized (HeLa or Raw) cell during migration, or like a polarized 
(MDCK) cell during the digestion process. The segregation between Rab11 and Rab7 
effects on secretion would therefore be temporal and not spatial. One could indeed 
imagine that during migration phases a basic amount of lysosomal hydrolases would 
be targeted to late endosomes, as it is the case in HeLa cells. As the initiation of the 
digestion process requires a large amount of membrane to create the ruffled border the 
late endosomes would massively fuse will the plasma membrane facing the bone. This 
is actually confirmed by our microscopic observations of the late endosomes showing 
a large amount of Rab7 positive vesicles following membrane protrusions as the cell 
moves and suddenly accumulating in an area that will the future resorption region. 
Subsequently the actin ring appears, being heavily labelled with Rab7 in its centre. 
This first massive fusion would actually start the bone resorption process. 
 
Once polarized, the osteoclast would thereafter reorganise its membrane traffic. 
Lysosomal enzyme secretion could be bypassing the normal endosomal traffic at early 
steps of membrane sorting to be brought more directly to the resorption site by the 
recycling endosome. This idea is correlated by the large accumulation of Rab11 
positive endosomes at the actin ring during bone digestion. Those vesicles almost 
always contain hydrolases and receptors, and once arrived at the sealing zone cannot 
be released until actin depolymerization. Recycling endosomes could therefore serve 
as intermediate compartments during direct lysosomal enzyme transport from the 
Golgi to the plasma membrane, but moreover be a short cut for fast hydrolase 
secretion during resorption. Once the actin ring disappears the recycling endosomes 
are released and vesicles appear devoid of enzymes until the next resorption cycle. 
 
Even if this hypothesis takes into account resorption state and therefore seems more 
accurate, it possesses a major weak point: we can only find a very limited amount of 
lysosomal enzymes in late endosomes. Moreover Rab7 knockdown induces an 
important secretion inhibition that can be difficult to explain by a single transient 




In any case, spatial or temporal, there is clear segregation between recycling and late 
endosomal targeting of lysosomal enzymes to the plasma membrane. This correlates 
with Cornelia Czupalla’s mass spectrometry analysis (Czupalla C. et al., 2006) 
showing that at least 50% of the lysosomal enzymes secreted by osteoclasts are found 
as proenzymes still carrying their M6P marker. One could easily suppose that half of 
the hydrolases found as pro forms are issued from early compartments, while the 
other half would be secreted from later compartments where enzyme processing 
occurs. 
 
C. Pathway for secretion of lysosomal enzymes by 
osteoclasts 
It has been established that recycling may occur directly from sorting endosomes 
(short cycle), but can also involve passage through the perinuclear recycling 
endosomes, before reaching the plasma membrane (long cycle) (Yamashiro DJ. and 
Maxfield FR. 1984; Hopkins et al., 1994; Daro et al., 1996; Ullrich et al., 1996). Two 
Rabs, Rab4 and Rab11, are involved in fast and slow recycling, respectively. Rab4 
has been reported to be associated with sorting endosomes (Daro et al., 1996), as well 
as with recycling endosomes, but not with plasma membrane (van der Sluijs et al., 
1992; Bottger et al., 1996). The precise function of Rab4 is not completely understood 
but it is believed to regulate the recycling pathway from endosomes to the plasma 
membrane (van der Sluijs et al., 1992). Since we demonstrated that Rab11 is highly 
involved in enzyme secretion, it is possible that hydrolase secretion occurs from the 
recycling endosome, as it contains large amounts of newly synthesised lysosomal 
enzymes and receptors. 
 
In order to determine if this was the case, we first followed the dynamics of Rab4 and 
Rab11 compartments during the life cycle of osteoclasts. We realized that whereas 
Rab11 positive vesicles are immediately surrounding the actin ring as it forms, the 
behaviour of Rab4 carriers is unaffected by the presence of the sealing zone. 
Moreover, it was clear that the M6PR was able to exit Rab4 positive vesicles more 
often than Rab11 positive structures, indicating a higher affinity for this compartment.  
We then performed Rab4 specific knockdowns and observed virtually no effect on the 
ability of osteoclasts to secrete hydrolases. We concluded that lysosomal enzyme 
sorting from recycling compartments to the plasma membrane was performed only by 
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Rab11 and not Rab4. This is in agreement with results from Sally Ward and 
colleagues which demonstrated by TIRF experiments that although both Rab4 and 
Rab11 can be associated with trafficking cargo (here FcRn) only Rab11 diffuses into 
the membrane during exocytic fusion events, Rab4+Rab11+ compartments being 
depleted of Rab4 before membrane fusion (Ward et al. 2005). 
 
Given that we were able to observe Rab11 positive structures filled with M6PR and 
hydrolases at the direct Golgi exit, to follow them until the ruffled border and observe 
a strong reduction in Rab11 colocalization and lysosomal enzyme just after the 
disappearance of the actin ring, one can assume that a direct secretion from Golgi to 
plasma membrane mediated by Rab11 can occur in osteoclasts. This postulate is in 
different from the current model formulated by Väänänen’s group. As we said earlier, 
the current opinion on the origin of hydrolases is that secretion occurs only by late 
endocytic compartments (late endosome and/or lysosomes) fusion with the plasma 
membrane. Here we clearly demonstrated that at least half of the lysosomal enzymes 
are secreted via an earlier compartment. We have to point out that part of the 
secretion of hydrolases must be mediated by late endocytic compartments.  
 
This is actually in concordance with previous results showing that lysosomes can 
fuses with the plasma membrane in response to cell surface damage and a rise in 
cytosolic Ca2+ concentration. This process is important in plasma membrane repair 
and has been observed in various cell types (sea urchin eggs, Xenopus egg, CHO, 
3T3, NRK or PC12 cells) (Andrews 2000; McNeil PL. 2002; Rodriguez A. et al. 
1997). It can also be used by the immune system to destroy virally infected, 
tumorigenic or foreign cells. In such a case secretory lysosome are called lytic granule 
as they are conferring the lytic functions of cytotoxic T lymphocytes and natural killer 
cells (Clark R and Griffiths GM. 2003). Recent studies done by Väänänen’s group 
have even shown that in osteoclasts, pharmacological sequestration of intracellular 
cholesterol in late endosomes disrupts ruffled border formation (Zhao H. and 
Väänänen HK. 2006). This indicates that the ruffled border is created by the fusion of 
lysosomes with the plasma membrane through a process that is cholesterol regulated. 
However, if lysosomal enzymes were only secreted via lysosome fusion with the 
plasma membrane, Niemann-Pick disease (characterised by the accumulation of 
cholesterol in late endosomes) should create enhanced bone density phenotypes, 
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which is not the case. This clearly indicates that the current model of hydrolase 
secretion is not complete. Our work reveals alternative enzyme secretion routes that 
are dependent on resorption activity, thus expanding the understanding of this 
process.  
 
We have to mention here that Rab5 was not investigated, as it does not control any 
transport back to the plasma membrane but mainly endocytosis. Nevertheless further 
experiments could be made to investigate further the role of Rab5 in osteoclast, as 
endocytosis might also be an important process for organelle identity maintenance 
along the ruffled border. 
 
D. Connections between the secretory and endocytic 
pathway 
Zerial and colleagues studied the ability of transferrin to traffic inside the recycling 
compartment. They identified a strong distinction in the localizations of Rabs within 
the early endocytic pathway. Early endosomes were found to contain overlapping but 
distinct distributions of Rab4 and Rab5 (Sönnichsen et al., 2000; De Renzis et al., 
2002). Like Rabs 4 and 5 in early endosomes, Rabs 4 and 11 also display overlapping 
but distinct distributions in recycling endosomes. 
Quantifications showed that endocytosed cargo (transferrin) moves sequentially 
through endosomes possessing specific Rab domains. The cargo enters first a pool of 
mainly Rab5-positive vesicles and moves toward endosomes that contain both Rab5 
and Rab4. Transfer then occurs to the recycling endosome as at steady state 
transferrin is mostly found in vesicles containing Rab4 and Rab11 (Sönnichsen et al. 
2000). Such connections between the different endocytic compartments are known to 
be able to transport cargo in both directions suggesting that proteins could 
successively go through Rab11, Rab4, Rab5, and Rab7 positive vesicles before 
reaching lysosomes. Because we detect M6P hydrolases and receptors in each of 
those compartments in osteoclasts, it is likely that lysosomal enzymes secreted from 
late endocytic compartments are following such a pathway.   
 
However, Rab4 knockdown does not affect secretion like Rab11 and Rab7 do. This 
suggests that other connections such as Rab11/Rab5 for example could exist. Even if 
the majority of transferrin structures quantified by the Zerial lab are harbouring either 
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both Rab4 and Rab11 (63 -/+ 5%) or both Rab4 and Rab5 (23.5 -/+ 7%) at steady 
state, a certain amount of overlap could still be observed for Rab5 and Rab11 (19 -/+ 
8%) (Sönnichsen et al. 2000). This suggests that secreted cargo could be transferred 
from a Rab11 positive vesicle to a Rab5 (which has been demonstrated as possible) or 
a Rab7 positive vesicle.  
 
E. Implication of membrane reorganization during 
osteoclastogenesis 
In non-polarized cells, internalization of ligand-receptor complexes proceeds via 
peripheral early sorting endosomes. From this compartment, receptors might recycle 
to the plasma membrane directly, or through the perinuclear recycling endosome, 
which is localized near the microtubule-organizing centre. The dissociated ligands are 
transferred from early to late endosomes and are delivered to lysosomes for digestion 
(Sachse et al., 2002). Spatial organization of these complex pathways is partly 
provided by the cytoskeleton, presumably reflecting the involvement of distinct motor 
proteins that mediate particular membrane transport steps (Kamal and Goldstein, 2002 
and 2000). For example, anterograde transport from early sorting endosomes, but not 
direct recycling to the plasma membrane, is inhibited upon disruption of microtubules 
(Zegers et al., 1998).  
 
As osteoclasts undergo drastic cytoskeletal reorganisation upon bone digestion one 
could hypothesise that those modifications also affect membrane traffic. The fact that 
we can observe a high concentration of Rab11 positive vesicles apparently locked at 
the actin ring periphery upon bone digestion suggests a strong interaction between 
Rab11 and actin. The same kind of phenomenon was actually observable with Rab5 
(data not shown) but not with Rab4 or Rab7, suggesting a GTPase specific 
mechanism.  
 
The key to Rab GTPase function is the recruitment of effector molecules that bind 
exclusively to their GTP-bound form. Rab effectors are a very heterogeneous group of 
proteins: some are coiled-coil proteins involved in membrane tethering or docking, 
while others are enzymes or cytoskeleton-associated proteins. Two-hybrid screening 
for protein interactions and affinity chromatography has revealed that a Rab GTPase 
is capable of regulating several molecular events at a restricted membrane location. 
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For example, Rab5a regulates endocytic vesicle tethering and fusion, and also 
controls vesicle formation at the plasma membrane and microtubule-dependent 
motility of endocytic structures (Simonsen A. et al. 1998; Gorvel JP et al. 1991). Even 
though effectors for many Rab GTPases have been identified, the identification and 
functional characterization of Rab effectors is still in an early phase. (Christoforidis S. 
et al. 1999). 
 
Our mRNA screen (Czupalla and al. 2006) showed that several known and potential 
effectors of Rab GTPases were up or down regulated during osteoclastogenesis. For 
example the Rab5 effector, Rabex-5 is slightly up regulated (1,21). Rabex-5 is known 
to be functioning in synergy with Rab5 and to control early endosomal transport 
(Lippe R. et al 2001). It also has been suggested to be an effector of Rab33b, a 
regulator of retrograde traffic between the Golgi apparatus and ER (Valsdottir R. et al. 
2001). Another example is Annexin6. Annexin6’s level is 2.4 fold lower in 
osteoclasts than in raw cells. Annexin6 functions as calcium and phospholipids 
binding protein, and regulates apical transport from the plasma membrane to 
lysosomes (Lu Y et al. 1995; Ortega D. et al 1998; Kamal A. et al 1998; Babiychuk 
EB and Draeger A. 2000; Pons M. et al 2001). Taken together these data suggest that 
Rab GTPases and their effectors are controlling various steps of membrane traffic re-
organisation during osteoclastogenesis.  
 
However, we demonstrated that Rab11 and Rab7 are able to modify hydrolases 
secretion in osteoclasts. One could therefore wonder if mRNA levels of Rab11 or 
Rab7’s effectors are modified during osteoclastogenesis.   
Actually some Rab11 effectors such as centaurin β2 are up regulated (2,5 fold), 
whereas others, such as a protein similar to Rip11a2 are down regulated (1,4 fold). 
Interestingly centaurin β2 and Rip11 are involved in different processes indicating 
that Rab11 may be indirectly controlling several osteoclasts specific mechanisms and 
not only in lysosomal secretion. Indeed centaurin β2 is involved in cytoskeleton 
remodelling (Randazzo PA. et al. 2000) while Rip11 (together with Rab11) regulates 
apical membrane trafficking via recycling endosomes (Prekeris R. et al. 2000). This 




It is therefore clear that the next step in our understanding of membrane traffic and 
enzyme sorting will be to study individually those molecules, as their role in protein 
sorting is already obvious. The fact that Rab effectors can sometimes bind to several 
Rabs at once and regulate different cellular mechanisms is adding a new level of 
complexity to our view of membrane traffic. Moreover only a handful of Rab 
effectors have yet been discovered and characterised. It is therefore very likely that 
the study of new unknown proteins found in our proteomic and genomic screens 
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VIII. Material and Methods       
A. Cell culture and osteoclastogenesis: 
Raw 264.7 were purchased at American Type Culture Collection (Manassas, VA, 
USA) and cultured in High Glucose, Glutamax DMEM + 10% (v/v) Fœtal Bovin 
Serum (Hyclone Laboratories, Perbio Science, Erembodegem-Aalst, Belgium), 2mM 
L-Glutamine, 100U/ml penicillin and 100µg/ml streptomycin (all tissue culture 
reagents from Invitrogen unless otherwise stated) under 10% CO2 in a humidified 
atmosphere. Cells were passaged by strongly rinsing the plate with warm PBS to 
allow them to detach from the plastic and transfer into new culture dishes thereafter. 
Upon differentiation, cells were plated at a density of 300 000 cells per 10cm dish, or 
30 000 cells per well of a 24 well plate and supplemented with 3% RANK-L 
(recombinant human RANKL produced in Pichia yeast under a methanol inducible 
promoter, dialysed and filtered 0,22µm as described by Destaing O. and colleagues 
2003) everyday for 4 days. On the fourth day of differentiation cells were transferred 
to appropriate cell culture material. Transfer was first done by washing the remaining 
mononucleated cells off the plate with prewarmed PBS, and incubating the cells in 
1mL of 0,25mM EDTA in PBS at 37°C for 20 minutes. After what multinucleated 
cells were carefully detached with a cell lifter (Corning Incorporated Costar) and 
applied onto either 30mm diameter glass bottom dishes (MatTek) for live imaging, or 
11mm diameter glass coverslips in 24 well-plates for fixed imaging. On specific 
needs, cells could be transferred onto bone like matrices: either on osteological disks 
(BD Bioscience) for fixed samples or osteological coverslips (BD Bioscience) glued 
onto a 30mm diameter plastic dish for live imaging. 
B. Adenoviruses infection 
mRFP-M6PR and YFP-Rab11 adenoviruses were created with the AdEasy system 
from Stratagene. YFP-Rab4, mRFP-Rab5 and GFP-Rab7 adenoviruses were kind 
gifts from the Zerial lab, and were directly amplified in QBI Hek293 cells.  
Mature osteoclasts were infected by applying optimized amount of viruses inside cell 
culture dishes for an average time of 24 hours. On some cases, the amount of glycerol 
contained inside the virus buffer could harm the cells, and therefore they would be 
incubated a minimum of 5 hours in fresh clean medium after infection. Fluorescence 
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will be developed between 18 and 48 hours after infection (depending on amount of 
virus applied but also surface onto which cells are grown).  
C. Knock Downs in osteoclasts 
After 4 days incubation inside 10cm diameter Petri dishes in presence of 3% Rank-L, 
Raw cells are differentiated in small osteoclasts. Remaining mononucleated cells are 
washed away with warm PBS and osteoclasts are incubated in 1mL (per 10cm dish) 
0,25mM EDTA for 20 minutes at 37°C. After adding 5mL fresh medium to each dish, 
cells content of 2 Petri dishes are scraped away with a cell lifter and transferred to a 
falcon tube. They are subsequently centrifuged at 300g, at 37°C for 5 minutes. Each 
cell pellet is delicately resuspended in a Buffer/RNAi solution mix (172µl of Ambion 
buffer (Ambion): 8µl of 20µM RNAi solution per knock-down) and transferred to a 
4mm electroporation cuvette (4mm large from Eppendorf). Cells are subsequently 
electroporated with one 1100V, 0,4ms pulse (Biorad system). After 5 minutes 
incubation at room temperature, cells are washed out from the cuvette and 
resuspended in culture medium +3% Rank-L and dispatched into 4 wells of a 24 well 
plate. Knockdown will be efficient after 1 day.  
RNAi were designed according to Invitrogen RNAi designer recommendations (5 
starts ratings).  They were ordered as duplexes without overhang. 
Rab11a (stealth RNA) were designed based on sequence number NM_017382: 
 RNAi N°1 starting at position 147: GACGACGAGUACGACUACCUCUUUA  
Rab11b (stealth RNA) were designed based on sequence number NM_008997 
 RNAi N°1 starting at position 121: CACGCUUCACCAGAAACGAAUUCAA  
 RNAi N°2 starting at position 491: GACCUCAGCCUUGGAUUCCACCAAU  
Rab4a (Stealth RNA) were designed based on sequence number NM_009003: 
 RNAi N°1 starting at position 133: UCCGAGACUUACGAUUUCUUGUUUA 
 RNAi N°2 starting at position 172: GGAAAUGCGGGAACUGGAAAUCUU 
Rab4b (Stealth RNA) were designed based on sequence number NM_02939.1: 
 RNAi N°1 starting at position 146: CCGAGACCUACGACUUCCUCUUCAA  
 RNAi N°2 starting at position 158: ACUUCCUCUUCAAAUUCCUGGUGAU  
Rab7 (Stealth RNA) were designed based on sequence number NM_009005: 
 RNAi N°1 starting at position 671: CAAUGAAUUCCCUGAACCCAUCAAA  
 RNAi N°2 starting at position 683: UGAACCCAUCAAACUGGACAAGAAU  
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Consequently, medium is exchanged against Macrophage-SFM (1X) medium 
(Invitrogen) without any complementation (400µl per well). Cells are incubated with 
this medium for 20 hours and medium is then collected, centrifuged in a tabletop 
centrifuge at max speed for 1 minute before 350µl of supernatant are collected and 
snap frozen in liquid nitrogen. This supernatant will be further analysed. Cultivated 
cells are then lysed in 70µl of RIPA buffer for protein analysis, lysed for RNA 
analysis (Invisorb Spin Cell RNA Mini Kit from Invitek) or stained for microscopic 
observation (if cultured on osteologic disk or on glass). 
 
D. RT-PCR and semi quantitative PCR 
Poly(A) RNA was purified from each sample (one well of a 24 well plate) by using 
Invisorb Spin Cell RNA Mini Kit from Invitek, cDNA was synthesized using 
SUPERSCRIPT preamplification system (Life Technologies, Inc.). One-tenth of this 
cDNA was then amplified with mouse specific primers. Those primers were designed 
with Ensembl Web tools, and primer3 Internet primer designer. Primers were 
designed to be part of different exons and that one of them is contained inside an 
UTR.  
Rab11a (mouse) RT-PCR primers were designed based on sequence number 
NM_017382: ACGTCATCTCAGGGCAGTTC / CTGCACCTTTGGCTTGTTCT 
and together should produce a 250 base pairs product. Rab11b (mouse) RT-PCR 
primers were designed based on sequence NM_008997: 
ATTGAGACCTCAGCCTTGGA / CAGCCTGGTTGACAGAGTGA and together 
should produce a 307 base pairs product. Rab4a (mouse) RT-PCR primers were 
designed based on sequence number NM_009003: GGGCTCTGGCATCCAGTAT  / 
CTGTCCGCTGAGTTAGTTCG and together should produce a 319 base pairs 
product. Rab4b (mouse) RT-PCR primers were designed based on sequence number 
NM_02939.1: GATGGGTTCAGGCATTCAGT / TTCTGAGACTGGGGCAGATT 
and together should produce a 331 base pairs product. Rab7  (mouse) RT-PCR 
primers were designed based on sequence number NM_009005: 
GAGCGGACTTTCTGACCAAG / AGTTTCTTTTGGCAGCTGGA and together 
should produce a 622 base pairs product. GAPDH primers were used as an inner 
control (TCACCACCATGGAGAAGGC / GCTAAGCAGTTGGTGGTGCA). After 
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30 cycles of 94°C (30s), 56°C (60s), 72°C (60s), 10 to 20µl of the reaction product 
was analysed on a 1% agarose gel containing 0,5µg/ml ethidium bromide.  
 
E. Staining and vital dyes 
Coverslips or osteological disks grown cells were fixed in a 3% (w/v) 
paraformaldehyde in PBS for 10 minutes. After 3 PBS washes, paraformaldehyde was 
quenched by a 10 minutes incubation in 50mM NH4Cl in PBS. After an other 3 PBS 
washes, cells were permeabilized with either a 15 minutes 0,05% (v/v) Saponin in 
PBS solution for M6PR fragment stainings or a 10 minutes 0,1% (v/v) Triton X-100 
in PBS solution for others. A protein block was performed by a 1 hour incubation in 
3% BSA (w/v), 5% gelatine from cold water fish skin (Sigma) (v/v), 0,01% Triton-X 
(v/v) in PBS. Cells were subsequently stained with primary antibody of interest 
diluted in the protein blocking solution for 1 hour. After 3 PBS washes, the secondary 
antibody was applied also diluted into blocking solution. Everyday used secondary 
antibodies were coupled to Alexa Fluor 488, TexasRed, or Alexa Fluor 633 (all 
purchased at Molecular Probes). After 3 PBS washes, cell cytoskeleton was generally 
stained with Biotin-XX Phalloidin coupled to Alexa 405-Streptavidine according to 
manufacturer recommendations (Molecular Probes). An extra washing step (twice 5 
minutes incubation in PBS) could be performed after secondary staining and 
phalloidin staining to reduce background signal generated by unspecific binding to 
osteological disks.  
M6P recognizing serum was obtained from affinity purification of foetal calf serum 
on a phosphomannan (from dyctostelium) column coupled to cyanogen bromide 
activated Sepharose CL-4B (Sigma Chemical Co.) according to the procedure of 
Hoflack and Kornfeld (JBC 1985). Protein analysis of eluted solution revealed a 
single 300kDa band. Typically 0,5 -1 mg of protein contained in the eluted solution 
were labelled with either the TexasRed X Protein labelling kit (Molecular Probes) or 
with Alexa Fluor 488 Protein labelling kit (Molecular Probes). The final product of 
this labelling step gave between 1,5 and 2 mg/ml (or 5 to 7µM) of labelled proteins. 
(work performed by Cornelia Czupalla) The obtained working stock solution was 
diluted 1:250 to give a final staining concentration of 6 to 8µg/ml (or 20 to 30 nM). 
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F. Fixed Imaging 
Coverslips with stained cells were mounted in mowiol. Imaging was carried out on an 
inverted LSM510 scanning confocal microscope (Carl Zeiss; Jena, Germany), using a 
63X oil Apo-chromat objective. Fixed images were generally acquired as 8 bits 
1024/1024 images frames, at pinhole setting yielding 0,8 µM-optical sections in all 
channels. Post-acquisition image processing was carried out with Adobe Photoshop. 
G. Live Imaging 
30mm dishes with differentiated cells were washed once with PBS and filled with 
fresh complete culture medium before being imaged on a Zeiss Axiovert 200M 
equipped with a temperature, C02 and humidity controlled incubator. This inverted 
microscope was equipped with a CCD Cool S NAP  HQ (Roper Scientific Inc.). 
Samples were illuminated with a Vi si chr om  P ol ychr om at or (Visitron System GmbH). 
Most acquisitions were done with a Plan-Apochromat 63x/1,4 Oil DIC Zeiss 
objective under a piezo focus control and a FS 51019: EGFP/DsRed cube (Chroma 
Technology Corp.). The whole system was under the control of MetaMorph software. 
(All hardware equipment was purchased through Visitron System GmbH). Short-term 
acquisitions were typically performed at a frame rate of 1 image every 400ms for 5 
minutes. Complete osteoclast migration/digestion processes were recorded at a frame 
rate a one image every 5 minutes for 12 hours. Typically 12 of these long-term 
acquisitions would be performed together thanks to automated X/Y/Z stage. 
H. Image Analysis 
Confocal images were treated under Adobe Photoshop. Colocalization values were 
calculated as follow: each colour images were superimposed as layers (darken) and a 
third layer served as counting reference. Each vesicle of each kind was marked in the 
counting reference layers with different colours and thickness of painting tools. The 
spot that were marked twice in the counting reference layer were then numbered. In 
order to reduce errors, pictures were counted twice and random values were obtained 
by counting the amount of colocalization that emerges from 200nm dextran beads 
pictures. Of course random values were depending on the bead concentration and 
therefore different random values were subtracted from different pictures according to 
the number of vesicles per square micrometer. 
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I. Glycosidase activity assays on secreted medium 
1. Cathepsin K assay 
Five microliter of centrifuged supernatant (each sample treated in quadruplicate) were 
transferred in a well of a 96 well plate (flat bottom from Greiner). In each well were 
added 140µl of assay buffer (100mM sodium acetate pH5.5, 1mM EDTA, 0,1mM 
DTT) and 3µM of substrate ((Z-Leu-Arg)-Rh110bisamide (Calbiochem)). Samples 
were then incubated 24 hours at 37°C before fluorescence could be measured 
(Excitation at 435nm and emission at 530nm). All values have been normalized to the 
total amount of protein measured in the cell extract of each sample.  
2. beta-hexosaminidase assay 
Thirty microlitres of centrifuged supernatant (treated in triplicates) were transferred in 
wells of 96 well plates (flat bottom from Greiner).  One hundred microlitres of assay 
buffer (100mM Na citrate, 0,2% triton, 1mM 4methylumbelliferyl N-acetyl βD 
glucosamide) were added to the sample and gently mixed before being incubated at 
37C for 2 hours. Stop solution (0,5M Na2CO3) was added (140µl per well) just before 
fluorescence was read (excitation at 360nm and emission at 465nm).  
J. Immunoblotting 
Osteoclasts were lysed inside each individual well of a 24well-plate in RIPA buffer 
(composition). Mini gels (5,5cm x 8,8cm x 1mm) were cast and run using the Protean 
3 system (Amersham Biosciences) and running buffer (25mM Tris pH 8.3, 192mM 
Glycine, 0,1% (w/v) SDS) according to manufactures protocol. Proteins extracts were 
mixed with sample buffer (final concentration of 50mM Tris pH 6.8, 100mM DTT, 
2% (w/v) SDS, 0.01% (w/v) bromophenol blue, 10% (v/v) glycerol) and heated to 
99°C for 2 minutes under constant agitation. Samples were briefly centrifuged before 
being loaded onto a 12% SDS-polyacrylamide gel.  Gels were typically run under 
120V for 1 hour. After removing the mini gels from the electrophoresis chamber they 
were equilibrated into transfer buffer (25mM Tris pH 8.3, 192mM Glycine, 15% (v/v) 
MeOH, 0.01% (w/v) SDS) for 15 minutes and transferred onto transfer buffer soaked 
nitrocellulose membrane (pore size 0,45µm, Schleicher & Schuell) using a semi-dry 
transfer cell (Biorad) at constant current of 100mA per membrane for 1 hour. The 
membranes were incubated in 5% milk in PBS for a least 1-hour. They were then 
incubated into corresponding primaries antibodies typically overnight at 4°C. 
Membranes were then washed 3 times 5 min in PBS and reincubated 30 minutes in 
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5% milk in PBS before being incubated in secondary antibodies horseradish 
peroxidase-conjugated. Protein bands were detected with the ECL Western blotting 
detection reagents (Amersham biosciences) and were visualized using LAS3000 CCD 
Camera system and the AIDA software (Raytest). A loading control probing was done 
using a mouse anti-GAPDH antibody (AbCam) and an anti-mouse horseradish 
peroxidase-conjugated secondary.  
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IX. Abbreviations used 
 
3T3 cells: Mouse embryonic fibroblast cell line 
AP: Adaptor Protein 
ARF: ADP-ribosylation factor 
BFA: Brefeldin A 
BSA: Bovin Serum Albumin 
CCD: Charge Coupled Device 
CCP: Clathrin Coated Pit 
CCV: Clathrin Coated Vesicle 
CHO cells: Chinese Hamster Ovary cells 
DIC: Differential Interference Contrast Microscopy 
DMEM: Dulbecco’s modified Eagle’s medium 
DMSO: Dimethylsulfoxide 
DTT: Dithiothreitol 
ECFP: Enhanced Cyan Fluorescent Protein 
EDTA: ethylenediaminetetraacetic acid 
EE: Early Endosome 
EGFP: Enhanced Green Fluorescent Protein 
ER: Endoplasmic Reticulum 
EYFP: Enhanced Yellow Fluorescent Protein 
FBS: Foetal Bovine Serum 
GAP: GTPase-activating protein 
GDI: GDP-dissociation inhibitor  
GDP: Guanine nucleotide disphosphate 
GEF: GTP exchange factor 
GTP: guanine nucleotide trisphosphate 
LDL: low density lipoprotein 
M6P: mannose 6 phosphate 
M6PR or MPR: mannose 6 phosphate receptor 
MCSF: macrophage colony stimulating factor 
MDCK: Madin-Darby Canine Kidney Epithelial Cells 
MHC: Major histocompatibility complex 
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mRFP: monomeric Red Fluorescent protein 
mRNA: messenger ribonucleic acid 
NRK cells: Normal Rat Kidney Epithelial Cells 
PBS: Phosphate buffer saline 
PC12 cells: phaeochromocytoma cells 
PM: plasma membrane 
RB: Ruffled Border 
RANK: receptor activator of the nuclear factor κB 
RANKL: receptor activator of the nuclear factor κB ligand 
RE: recycling endosome 
SDS: Sodium Dodecyl Sulfate 
SZ: Sealing zone 
Tf: Transferrin 
TfR: Transferrin receptor 
TRAP: Tartrate Resistant Acid Phosphatase 
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